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Summary
This document reports on the activities for Task 14 of the U.S. DOE/UCCSN Cooperative Agreement
Number DE-FC28-98NV12081. There are three subtasks in this Task, the experimental results,
discussions, and conclusions of which are presented in the following sections.
Data Sources and Electronic Data Control
The Data Identification numbers for the data, graphs, and tables in this report, as submitted to the Data
Management Database, are tabulated below. The table also includes the source files for the said data as
well as the corresponding scientific notebooks where the data can be found.
All data in the Q section of the report are qualified, as the relevant notebooks have completed the
Technical and QA review process.
The following Implementing Procedures were used in the course of this work:
IPR-014: User Calibration of Gamry Potentiostat PC3/CMS100
IPR-015: User Calibration of Gamry Potentiostat PC4/30mA/DC 105 (Femtostat)
IPR-018: Electrochemical Corrosion Testing
IPR-019: Stress Corrosion Cracking Testing
IPR-020: User Calibration of Gamry Potentiostats PC4/300mA/DC105 and PC4/750mA/DC105
IPR-020: User Calibration of Gamry Potentiostats PC4/300mA/DC105 and PC4/750mA/DC105
IPR-025: User Calibration and Use of the Cole-Parmer/Oakton pH/mV/°C Meter
IPR-026: Constant Load Creep/Environmentally Assisted Cracking Testing
Table of DIDs/DTNs, Source Files and Corresponding Notebooks
Source file
DID/DTN
NA
Table 2.1
NA
014 KR-004 Single loop epr qualified specimensTable 3. 3.1
rev l.xls
Table 3.3.2
014KR-001 A22-650-0.1h-lMH2SO4-0.5MNaCl0.01MKSCN.DTA, A22-wr-700-

#

For Task 14
SN
NA
UNR 040 vol.2
UNR 040 vol.2
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Table 3.3.4

!MH2SO4-0.5MNaCl-0.01MKSCN-run
3.DTA, A22-750-0.01h-lMH2SO40-5MNaCl-0.01MKSCN.dta, A22-wr800-0. lh-lMH2S04-0.5MNaClO.OlMKSCN.dta, A22-850-0.1hlMH2SO4-0.5MNaCl-0.01MKSCN.dta
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014KR-004 Result of ASTM G28B.xls

Fig. 3.1

014KR-001

Fig 3.2
Fig. 3.3
Fig. 3.4
Fig. 3.5(a)
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3.5 (c)
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
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014 KR-004
014KR-001
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014KR-001
014KR-001
014KR-001
014KR-001
014KR-001
014 KR-004
014 KR-004
014 KR-004
014 KR-004
014 KR-004

3.14
3.15

014 KR-004
014 KR-004

3.16
Table 4.3.1

014 KR-004
014 KR-002

Table 4.3.2

014KR-002

Table 3.3.3

Single loop epr qualified specimens.xls
610hr-DL.xls
610hr-DL.xls
Currentratios-DL-EPR-sulfnaclkscn.xls,
Single loop epr qualified specimens.xls
DL-EPR-Qspecimen.xls
DL-EPR-Qspecimen.xls
DL-EPR-Qspecimen.xls
Single loop epr qualified specimens.xls
700 HT specimens-2.xls
Single loop epr qualified specimens.xls
750C aged DL-EPR.xls
SL-EPR-650HT in 2 M HCl+KSCN.xls
DL-EPR 650HT in 2M HCl+KSCN.xls
DL-EPR 700 HC1+KSCN 60C.xls
DL-EPR 750-2MHC1+0.01 MKSCN
60C.xls
DL-EPR 800&850 HCl+KSCN.xls
Result of ASTM G 28B.xls
Comparison of EPR and ASTM G28.xls

UNR 040 vol.2

UNR 040 vol.2
and vol. 3
UNR 040 vol.2
UNR 040 vol.2
UNR 040 vol.2
UNR 040 vol. 2
UNR 040 vol. 3
UNR 040 vol. 3
UNR 040 vol. 3
UNR 040 vol. 3
UNR 040 vol. 3
UNR 040 vol. 3
UNR 040 vol. 2
UNR 040 vol. 3
UNR 040 vol. 3
UNR 040 vol. 2
UNR 040 vol. 2
UNR 040 vol. 2
UNR 040 vol. 2
and 3
UNR 040 vol. 2
UNR 040 vol. 1

652SUL2.DTA, 652SUL3.DTA,
651HSU2.DTA, 651HSUL.DTA,
71SULF.DTA, 71SULF2.DTA,
7515KCN.DTA, 7515KSC.DTA,
71HKCN.DTA, 751SNK1.DTA,
751SNK2.DTA
a22-700- 1 5k-aclkscn-run 1 .DTA, a22-700- 1 h- UNR 040 vol. 1
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a22-650-100h-aclkscn-runl .DTA, A22-650lh-2MH2SO4+0.5MNaCl+0.01MKSCN,
A22-650-20h2MH2SO4+0.5MNaCl+0.01MKSCN.DTA

Table 4.3.3
4.3.4
Fig. 4.2 (a)
4.2 (b)
4.3 (a)
4.3 (b)
4.4 (a)
4.4 (b)
4.5(a)
4.5 (b)
4.6
4.7
4.8
4.9
4.10

014KR-005

SL-EPR-sulnaclkscn-700&650.xls, SLEPR sulnaclkscn-750&SA.xls
014 KR-002 Weld specimens-epr-run4.xls

014KR-005 CP in G28-alloy22-wrought.xls
014 KR-002 Sulf+nacl2.xls
014KR-005 Ratio-DL-EPR-wrought-SulfNaclKSCNNonQ.xls
014KR-005 DL-EPR-wr-650C-Sulfnaclkscn.xls
014KR-005 SL-EPR-sulnaclkscn-700&650.xls
014 KR-005 SL-EPR-sulnaclkscn-750&SA.xls
014KR-003 C22-aswelded-440x.tif
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014 KR-002 Weld specimen-epr-run4.xls
014 KR-005 EDX-Depletion profile for 750C-20h.xls
014 KR-005 EDX-depletion profile for 750C-20hcr2.xls
014 KR-005 EDX profile for 750-100h.xls
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1. Subtask 1: Consultation and Coordination of PI with LLNL
Dr. Denny Jones, the original PI, spent 1-2 days most weeks at LLNL, where he consulted and conferred
with their engineering staff on a host of subjects, including general corrosion in the long term corrosion
test facility (LTCTF), passive film growth and breakdown to form localized corrosion, concentrated
ground-water chemistry that results from boiling and evaporation in the near field environment, and
microbiologically influenced corrosion of Alloy-22 and other candidate waste package stainless alloys.
Due to the unfortunate demise of Dr. Jones in August 2003, due to cancer, this subtask was no longer
continued. Dr. Shantanu Namjoshi took over duties of the PI due to Dr. Jones demise.
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2. Subtask 2 - Experimental Determination of Parameters for the General Corrosion Model
2.1

Executive Summary

The work reported here is focused on measuring values for various model parameters for the
General Corrosion Model (GCM). The objective of the UNR work is to obtain the parameter values
under Quality Assurance protocols, so that the data can be incorporated into models that might be used
to address licensing issues, for example. The derived kinetic parameters may be used in models for
predicting the accumulation of general and localized corrosion damage to Alloy-22 canisters over the
10,000-year lifetime of the YM repository. The work focuses on obtaining data of the highest possible
accuracy to derive kinetic parameters for the dominant processes in the growth and breakdown of
passive films on Alloy-22. This work also forms the basis of Mr. Glen McMillion's dissertation for the
Ph.D. degree from the University of Nevada, which he is scheduled to complete at the end of 2004.
This project has made significant progress and has produced important data since its inception in
mid-FY2002:
1. All work has been performed under the control of the UCCSN Quality Assurance Program, which is
approved by the DOE YMP. Data generated to date are being submitted to the Technical Data
Archive (TDA).
2. Experimental apparatus specifically designed for this task has been built, thoroughly tested, and
proven to generate high-accuracy data.
3. Data have been collected for approximately two-thirds of the first of three conditions identified in
the experimental matrix developed in the Scientific Investigation Plan.
4. Data generated include cyclic polarization, electrochemical impedance spectroscopy (EIS),
potentiostatic passive current density (Ip), and Ip transients in response to step changes in potential.
Conditions for which these data have been generated are listed below.
5. Crevice corrosion of Alloy-22 has been observed and documented.
6. Significant variability of corrosion behavior and microstructure among mill-annealed specimens has
been observed and documented.
2.2

Introduction

The regulatory life of the Yucca Mountain High Level Nuclear Waste (HLNW) repository is
10,000 years. During this time the primary engineered barrier that is to prevent release of radioactive
material into the environment is proposed to be a corrosion-resistant material (CRM) outer shell
covering the Waste Package (WP) container. The current selection for the CRM is Alloy-22 (UNS
N06022), a Ni-Cr-Mo-W-Fe alloy. Alloy-22 forms a defective chromic oxide passive film, which
results in excellent corrosion resistance under oxidizing environments; the presence of molybdenum in
Alloy-22 offers corrosion resistance in reducing environments as well as oxidizing environments.
Yucca Mountain is composed of fractured volcanic tuff and rhyolite. The fractured nature of the
mountain results in the air in the repository drifts being in equilibrium with the external atmospheric
pressure. Considering the different ground waters present (well water, perched water, pore water), the
conditions are such that relatively concentrated aerated brine solutions of near-neutral to basic pH and a
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wide range of ionic compositions may be present on the WP containers resulting in a variety of
corrosive environments1.
Because of the need to isolate high-level nuclear waste for up to 10,000 years, and the very low
corrosion rates of Alloy-22 and other candidate CRM's, WP container integrity in the face of general
and localized corrosion must be assured on the basis of model predictions as well as direct measurement
of corrosion rates, which may be subject to large experimental uncertainty because of relatively short
test periods. Uncertainty in corrosion rates measured by weight loss of coupons subjected to immersion
testing for up to five years is often so great that negative corrosion rates are reported, that is, the
experimental error is greater than the parameter being measured . Models for predicting corrosion in the
HLNW environment should be deterministic, relying upon time- and space-invariant natural laws in
order to yield accurate predictions over the very long time scale of the regulatory life of the repository3.
To accurately predict corrosion of all kinds DOE has developed the General Corrosion Model (GCM),
which will be used as part of the regulatory task of designing the WP container and drip shield. As part
of the General Corrosion Model (GCM) for overall corrosion performance prediction modeling, the
Point Defect Model (PDM) of passive film growth and breakdown on metals, developed by Dr. Digby
D. Macdonald4, will be used to model anodic processes, and exchange current density and the modified
Butler-Volmer equation will be used to model cathodic processes.
2.3

Objectives

The objective of this work is to define the passive state of Alloy-22 for use in deterministic
modeling of corrosion of the Yucca Mountain HLNW repository Waste Package Containers. The Point
Defect Model for growth and breakdown of passive films, developed by Dr. D. D. Macdonald, will be
used to extract fundamental mechanistic parameters from the experimental data5. These parameters will
be used to predict corrosion damage for Alloy-22 into the far future with time scales appropriate to the
10,000-year lifetime of the YM repository.
We are focused on obtaining data of the highest possible accuracy to derive kinetic parameters
for the dominant processes in the growth and breakdown of passive films on Alloy-22. Data to be
collected are electrochemical impedance spectroscopy (EIS), potentiostatic passive current density (Ip),
potentiostatic current density transients in response to step changes in potential, and cyclic polarization.
The data collected here will be used to derive model parameters, validate the model, and, if necessary, to
provide information to expand the model capabilities.
The PDM is used to describe the growth and breakdown of passive films on anodically polarized
metal surfaces. However, previous predictions using the GCM essentially employed "guesstimates" of
1 G. M. Gordon, "Corrosion Considerations Related to Permanent Disposal of High-Level Nuclear Waste," F.N. Speller
Award Lecture at CORROSION/2002, Denver, CO, April, 2002.
2 Lana L. Wong, David V. Fix, and John C. Estill, "Immersion Corrosion Testing of Welded and Non-Welded Titanium
Grades 7, 16, and 12 in Simulated Concentrated ground Waters," Materials Science and Technology 2003, TMS 2003 Fall
Meeting, Chicago, IL, November 9-12, 2003.
3 D. D. Macdonald, "The Holy Grail: Deterministic Prediction of Corrosion Damage Thousands of Years into the Future,"
Proc. Europ. Corros. Fed., in press (2002).
4 D. D. Macdonald, "The Point Defect Model for the Passive State," J. Electrochem. Soc., Vol. 139, No. 12, The
Electrochemical Society, December, 1992.
5 D. D. Macdonald and Adan Sun, "An Electrochemical Impedance Study of Alloy C-22 in NaCl Brine at elevated
Temperature: II. Impedance Analysis" Paper delivered at the Electrochemical Society Spring Meeting, Paris, France, April,
2003.
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values for various parameters and hence the predictions are not expected to accurately simulate what
might actually occur in service. The purpose of the present work is to provide experimental data from
which to extract values for various parameters in the GCM by optimization of the Point Defect Model
(PDM)5, which is a component of the GCM, on the Electrochemical Impedance Spectroscopic (EIS)
data for Alloy C-22 in 4 molar NaCl brine, pH = 6, at 30°C, 60°C and 90°C. EIS was chosen as the tool
for extracting parameter values, because of its well recognized utility for identifying reaction
mechanisms and because it is readily combined with reaction models in optimization procedures to
extract desired parameter values6'7'8'9'10'11.
This work is being performed by Mr. L. Glen McMillion of University of Nevada, Reno in
collaboration with Dr. Digby D. Macdonald of Pennsylvania State University. Dr. Macdonald has an
Adjunct Faculty appointment at UNR and is closely involved as co-advisor for this work, which is the
basis for Mr. McMillion's doctoral dissertation.
The experimental work is being performed at the Materials Science and Engineering
Department's Corrosion and Electrochemistry Laboratory, University of Nevada, Reno.
2.4

Scope of Work

The data presented here were collected at "steady state" under a portion the conditions
summarized in Table 2.1 below, which was the scope of work presented in the Scientific Investigation
Plan SIP-UNR-007. It should be noted that true steady state may not be attainable in the time available
during these experiments; we allowed the system to approach true steady state as closely as possible
within the time constraints. Reverse scanning to examine hysteresis is performed as a check to verify
that the system is sufficiently close to true steady state to yield experimental data with acceptable
accuracy and uncertainty. Also, log-log plots of current density vs. time give an indication of steady
state; at steady state the slope of the curve is zero and log-log plots give a better visual representation for
judging how close to zero the slope is.
We have experienced consistent failures due to crevice corrosion at the interface between the
Alloy-22 specimens and the epoxy castings used to mount the specimens. Due to these failures, we
were unable to complete the test matrix shown in Table 2.1. To ensure future tests can run 75 days
without crevice corrosion failure, future testing is recommended to be conducted at decreased chloride
concentration of 0.1 M with the same temperature and pH values shown in Table 2.1.
2.5

Experimental

2.5.1 Materials and Quality Assurance
All work was performed under the control of the UCCSN Quality Assurance Program's Quality
Assurance Procedures (QAP's) and Implementing Procedures (IP's).
D. D. Macdonald, Pure Appl. Chem., 71, 951 (1999).
J. R. Macdonald, Impedance Spectroscopy, Wiley, N.Y., 1987.
8 D. D. Macdonald, D. D. and M.C.H. McKubre. "Impedance Measurements in Electrochemical Systems". Chapter 2 in
Modern Aspects of Electrochemistry. 14: 61(1982). Edited by J. O'M. Bockris, B. E. Conway, and Ralph E. White. Plenum
Press, NY.
9 C. Gabrielli, "Identification of Electrochemical Processes by Frequency Response Analysis", Technical Report Number
004/83, Solartron Instruments, Farnborough, UK, 1980.
10 D. D. Macdonald, S. Real, S. I. Smedley and M. Urquidi-Macdonald. J. Electrochem. Soc., 135, 2410 (1988).
11 D. D. Macdonald, D. D. and S. I. Smedley, Electrochem. Acta, 35,1949 (1990).
6
7

14

Final Technical Report: Continue Stress Corrosion Cracking/Electrochemical Testing And Model Support, Task 14,
Document ID: TR-03-006, Revision 1.

Experiments were performed on Alloy-22 (ASTM B575-98, UNS N06022) obtained from Haynes
International, 27-339670-01 Hastelloy C-22 Plate. A rolled plate 120 inch x!2 inch x 3/4 inch from heat
number 2277-1-3148.75 was obtained. To qualify the material for use on this program, the material was
sampled and tested according to ASTM standards by Laboratory Testing, Inc. (LTI), a supplier on the
DOE YMP Qualified Suppliers List (QSL). It was found to meet the requirements of ASTM B57599a12 as is recorded in LTI's Certificate No. UNR001-02-02-03568. All experimental results reported
here were collected on specimens cut from this plate in the as-received, mill-annealed condition.
All calibrated Measuring and Test Equipment (M&TE) was calibrated and controlled accordance with
QAP 12.0, "Control of Measuring and Test Equipment."
All chemicals used are ACS Certified grade. Only Class A volumetric glassware (pipettes and
volumetric flasks) complying with ASTM E542-0113 was used for preparing electrolyte and pH buffer
solutions.
4 molar NaCl solution at pH 6 was prepared in 6 liter, Class A volumetric flasks using Fisher Scientific
ACS Certified sodium chloride. A sodium acetate/acetic acid buffer system was used to maintain pH 6
(40:1 molar ratio of sodium acetate to acetic acid with 6.83x10"3 molar total acetate anion in the
electrolyte).
All electronic data were controlled in accordance with QAP 3.1, "Control of Electronic Data."
Computer files copied from fixed disks to removable media only after creating WinZip archives. All
data transfers are verified to be complete and accurate. A continuously updated archive of electronic
data was kept in a locked, fireproof safe in a controlled-access office.
Software used to perform this work are qualified in accordance with QAP 3.2, "Software Management."
Software used are: Microsoft Windows 98, Microsoft Windows XP Professional (ver. 5.1, build
2600.xpsp 1.020828-1920 Service Pack 1), Microsoft Office 2000 Professional, Gamry Instruments
Framework versions 4.10, 4.20, and 4.21. Gamry Instruments DC105 DC corrosion software, and
Gamry Instruments EIS300 electrochemical impedance spectroscopy software.
Work presented in this report is recorded in Scientific Notebooks UCCSN-UNR-028 Vol. 1, UCCSNUNR-042 Vol. 1, and UCCSN-UNR-042 Vol. 2 with electronic data attachments CDRW-UNR-028 Vol.
1, CDRW-UNR-042 Vol. 1, and CDRW-UNR-042 Vol. 2. These Scientific Notebooks were kept in
accordance with QAP 3.0, "Scientific Investigation Control." These notebooks have undergone Quality
Assurance and Technical reviews in accordance with QAP 3.0, "Scientific Investigation Control," and
all review comments have been resolved.
All nonconformance reports (NCR's) written during the performance of this work have been resolved
with the approval of the Quality Assurance Manager. The data presented here are qualified for use on
quality-affecting tasks. The data have been submitted to the Technical Data Archive with the data
12 ASTM B575-99a, "Spec for Low-Carbon Nickel-Molydbdenum-Chromium,Low-Carbon Nickel-Chromium-Molybdenum,
Low-Carbon Nickel-Chromium-Molybdenum-Copper,Low-CarbonNickel-Chromium-Molybdenum-Tantalum,Low-Carbon
Nickel-Chromium-Molybdenum-Tungsten Alloy Plate,Sheet and Strip."
13 ASTM E542-01, "Standard Practice for Calibration of Laboratory Volumetric Apparatus."
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tracking numbers DID 014LM.001 and DID 014LM.002. The data plots presented in this report list the
associated Data Tracking Numbers and filenames.
2.5.2 Experimental Apparatus
Long-term electrochemical testing on Alloy-22 was performed to measure potentiostatic passive
current density, passive current density transients in response to potential step changes, and
electrochemical impedance spectroscopy under various conditions of temperature, pH, and solution
ionic composition. Testing was performed in the Corrosion and Electrochemistry laboratory of the
University of Nevada, Reno under the direction of Dr. S. A. Namjoshi and in close collaboration with
Dr. D. D. Macdonald.
In collaboration with Dr. Digby Macdonald, an internationally recognized expert in
electrochemistry and corrosion science, and Bechtel-SAIC, UNR has designed and constructed a stateof-the-art experimental apparatus for Electrochemical impedance Spectroscopy (EIS) and passive
current density measurements on alloys and metals that display passivity.
The experimental apparatus was specially designed and built for this task to run continuously for
indefinitely long periods of time (75 days or longer) without disturbing the specimen or resulting in
changes in the solution chemistry due to electrochemical reactions and accumulation of corrosion
products. This laboratory is the only one, in the investigator's knowledge, capable of generating, under
an approved Quality Assurance Program, the extraordinarily high-accuracy data required for
deterministic modeling of the WP container over the 10,000-year service life of the repository.
Because Alloy-22 is extremely corrosion resistant, the corrosion current density in the passive
state is also extremely small, often less than 10 nanoampere per centimeter squared (nA/cm2). This
behavior requires extraordinary attention to detail in the design and execution of the experiments in
order to eliminate or minimize the effects on the measured data of any electrochemical processes besides
the passive film mechanisms.
Many refinements in apparatus design and test methods have been developed. The capability of
the apparatus to run indefinitely has been demonstrated by running one test for 60 days without failure;
the test was terminated at 60 days because of localized corrosion.
A number of features have been incorporated into all aspects of the experimental
apparatus to increase accuracy of the experimental data:

•
•

•

Fresh electrolyte is continuously flowed through the test cells. Figure 2.1 shows a schematic
diagram of the electrolyte and nitrogen flow systems.
Each test cell is constructed with the Alloy-22 working electrode and the platinum counter
electrode housed in separate compartments separated by an ultra fine (0.9-1.4 um) porous
ceramic frit. This allows electrolytic conductivity between the electrodes but prevents chemical
species produced at the counter electrode from moving to the working electrode where they
could be electrochemically oxidized resulting in an error in the measured passive current density.
The risk of species migrating from counter electrode to working electrode is further reduced by
providing independent electrolyte inlets and outlets to the counter electrode and working
electrode compartments. Flow rates are such that the residence time for electrolyte in the counter
electrode compartment is about 30 minutes. Figure 2.2 is a drawing of the counter electrode
compartment with porous frit. Figure 2.3 is a drawing of the twin-arm adapter that provides
ports for the electrolyte flow tubes, nitrogen inlet tube, and counter electrode lead wire. Illegible
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text on Figures 2.2 and 2.3 does not affect technical content. Figure 2.4 is a photo of the
assembled test cell.
• Dissolved oxygen is removed from the electrolyte by purging with ultra-high purity (UFfP)
nitrogen gas. The electrolyte flow system incorporates three vessels in series; a 30 gallon
pumped feed tank, a 10 liter gravity feed tank, and the test cells; all three vessels are purged with
UHP nitrogen.
• Nitrogen delivery tubing and metering components are copper metal, FEP-lined Tygon® tubing,
and glass. Copper metal acts as an oxygen scavenger and is impermeable to oxygen diffusion.
FEP-lined Tygon® tubing, which is used only for connections in the N2 delivery system, has the
lowest oxygen permeability of all commercially available tubing materials that meet chemical
compatibility requirements for these tests. These materials are used to virtually eliminate oxygen
diffusion into the system through tubing runs.
• The electrolyte flow system is also made of materials, such as FEP tubing, selected to minimize
oxygen diffusion through tubing walls and other components. Electrolyte flow through the cell
is maintained by pressurizing the inside of the cell to 14 inches of water (0.5 psi). Pressurization
is accomplished by placing the nitrogen outlet in a graduated cylinder under a 14-inch column of
water.
• The working electrode is a cylindrical Alloy-22 specimen mounted in epoxy so that only one
circular face is exposed to the electrolyte. This eliminates issues of uneven current density
distribution encountered with specimens that display edges and faces that are not co-planar with
the counter electrode.
• Reference electrode is Ag/AgCl/4M KC1 (SSCE) and is placed inside the test cell at the same
temperature as the working electrode. This eliminates the salt bridge and attendant errors
associated with correcting potential to account for the salt bridge. Reference electrode elements
were made by thermal decomposition of silver oxide/silver chlorate paste on silver wire.
• The reference electrodes have relatively large diameter barrels 16 inches long and a slow leak
rate so that they make leak a little without causing problems over the 75 day test period.
Reference electrodes have been found to drift no more than approximately 2 mV over many
weeks of continuous use at elevated temperature.
• Four identical, programmable potentiostats, all with EIS capability, have been acquired for this
project, which minimizes variation due to different instrument designs and software.
• Nitrogen gas and electrolyte flows are controlled with needle valves and monitored with
rotameters.
• Electrolyte flow is by gravity to prevent pressure waves caused by metering pumps from
disrupting the boundary layer of electrolyte in contact with the Alloy-22 specimen. Boundary
layer disruption affects mass transport between the passive film and the bulk electrolyte and so
affects the kinetics of passive film processes.
• Test cell temperature is maintained by immersion in digitally-controlled oil baths; temperature
control is ± 0.2 Celsius degrees.
• Allihn-type vapor condensers are used to minimize concentration effects due to water vapor loss.
Each counter electrode compartment has a 300 mm condenser while each working electrode
compartment has a 400 mm condenser. A longer condenser is required for the working electrode
compartment because the nitrogen flow rate is higher. Figure 2.5 shows the fully assembled test
cell with vapor condensers, pressurized nitrogen outlet, and immersion heating bath.
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2.5.3

Procedures

Experiments and in-house calibration checks were conducted in accordance with UCCSN Quality
Assurance Program (QAP), Implementing Procedures (ip)14'15>16 and ASTM standard methods.
2.6.1
•
•
•

•

•
•

2.6
Results
Significant Accomplishments
This project has made significant progress and produced important data since its inception in
mid-FY 2002. Data generated to date have been submitted to the Technical Data Archive (TDA).
Experimental apparatus specifically designed for this task has been built, thoroughly tested, and
proven to generate high-accuracy data.
Data have been collected for approximately two-thirds of the first of three conditions identified
in Table 1 of the experimental matrix shown below and developed in the Scientific Investigation
Plan.
Data generated include cyclic polarization, electrochemical impedance spectroscopy (EIS),
passive current density (Ip), and Ip transients in response to step changes in potential. Conditions
for which these data have been generated are listed below.
Localized corrosion of Alloy-22 has been observed and documented.
Significant variability of corrosion behavior and microstructure among mill-annealed specimens
has been observed and documented.

Details of our accomplishments and selected results are presented in the following sections.
2.6.2 Experimental Results and Discussion
The results reported here are qualified data and may be used for quality affecting work. Considerable
experimental data have been generated for several sets of conditions.
2.6.2.1 Types of data collected are
• Cyclic polarization scans to determine passive range.
• Potentiostatic current density measurements over long times to approach true steady state as
closely as possible.
• Electrochemical impedance spectroscopy (frequency-dependent impedance). (Impedance
data are measured twice for each condition; first scanning high frequency to low frequency and
then immediately scanning low frequency to high frequency. These two scans are compared to
check for hysteresis, which, if present, indicates a non-steady state condition and invalidates the
results. Note that hysteresis was observed only once during development of technique.)
• Potentiostatic current density transient in response to step-changes in potential.
2.6.2.2 Conditions for which data have been collected are
•

pH 6, 4M NaCl, 30°C, 60°C, and 90°C

14IPR-018,

Electrochemical Corrosion Testing.
User Calibration of Gamry Potentiostats PC4/300mA/DC105 and PC4/750mA/DC 105.
16IPR-025, User Calibration and Use of the Cole-Parmer/Oakton PH/mV/°C Meter. 17. ASTM G5-94 (Reapproved 1999),
"Standard Reference Test Method for Making Potentiostatic and Potentiodynamic Anodic Polarization Measurements."
15IPR-020,
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•

pH 1, 4M CT, 24°C and 80°C

Although these data sets are substantial and will yield much useful information, they are
incomplete. Because of localized corrosion many of the tests had to be terminated before the
entire passive range of potential could be tested; more potentials need to be tested for these pH,
[Cl~], and temperature conditions to complete the test matrix. However, it is recommended that
the test matrix be modified to a lower chloride concentration so that complete data sets covering
the entire passive potential range may be collected without interruption.
2.6.2.3 Routine for Collecting Data
For each test, an Alloy-22 specimen was cast in epoxy, polished to 0.05 um A^Os, installed in a
test cell, and deaeration with UHP nitrogen was begun at room temperature. First, Open Circuit
Potential (OCP) was measured beginning at room temperature. After about one half hour, the
heated oil bath was turned on to the set point for the desired test temperature. OCP was collected
generally overnight (up to 24 hours). Results of the OCP tests are designated as "OCP" in the
potentiostat computer data files.
OCP was recorded and then the anodic cyclic polarization scan was performed to
determine the potential range over which Alloy-22 displays passivity under the specific test
parameters of temperature and electrolyte composition. Cyclic polarization scans were
performed at 0.167 mV/sec with an apex current density of 1 or 5 mA/cm . The passive
potential range was determined from the test results and divided into six intervals of 100 mV
each. These intervals are the potential values that were used for the potentiostatic data
collection. Cyclic polarization tests are designated as "CYCPOL" in the potentiostat computer
data files.
The specimen is not suitable for continued testing after the cyclic polarization scan, so
the test cell was disassembled and the specimen repolished to 0.05 jam A^Os beginning with 180
grit SiC paper to remove the passive film formed during the test. The freshly polished specimen
was installed in a test cell at room temperature and deaeration, OCP measurement, and
temperature adjustment was performed as before. After a suitable period of time at OCP (up to
24 hours) the specimen was anodically polarized to the least noble potential representing the
most negative end of the passive potential range determined from the cyclic polarization test.
Current versus time under potentiostatic condition was measured. The potentiostatic current
decreases with time after polarization; the current versus time curve was observed until the
current remained stable enough to be considered at steady state (time required is in the hundreds
of hours). Potentiostatic current density measurements are designated "PS" in the potentiostat
computer data files.
Once steady state current was attained Electrochemical Impedance Spectroscopy (EIS)
scans were run. The EIS scans were performed over the frequency range of 10,000 Hz to 0.01
Hz (10kHz to 10 mHz). Two scans were performed at each potential: the first scan was
performed in the high-to-low frequency direction and the second scan, which is initiated
immediately upon completion of the first scan, was performed in the low-to-high frequency
direction. These two scans were compared to check for hysteresis; any hysteresis indicates the
system is not at steady state and invalidates the tests. Electrochemical Impedance Spectroscopy
tests are designated with "EIS" in the potentiostat computer data files.
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After the EIS tests have been performed, a step change in potential is applied to the next
potential in the test series. The step change applied was 100 mV per step. The current transient
resulting from the potential step change was recorded. A high sample rate of 0.1 sample/sec was
used for about 2,000 seconds after the step change was applied to capture as much information as
possible during the most reactive part of the response. The potentiostat computer data files
containing the actual step change are designated as "PST" for potentiostatic transient. The
sample rate was then changed to 10 to 30 seconds to capture the remaining transient return to
steady state, and these files are designated as "PS."
Once the system had returned to steady state potentiostatic current density at the new
potential, the EIS scans were run and the system was stepped to the next potential in the series.
This sequence of PS, EIS, PST, and PS tests was repeated until, in this case, the specimens failed
due to crevice corrosion.
2.6.2.4 Electrochemical Impedance Spectroscopy Results
Figure 2.6 shows Nyquist impedance plots for 4M Cl", pH 1, 24°C, +250 mV (SSCE) showing
hysteresis between high-to-low- and low-to-high- frequency scans. These data were collected
during method development and are the only EIS data collected that show hysteresis. Hysteresis
in back to back EIS scans show that the system was not at steady state when the scans were made
and thus invalidates the results. In order for EIS results to be valid the system must conform to
four conditions. The system must be: (1) linear; (2) causal; (3) finite valued, and; (4) steady
state.
Figure 2.7 shows Nyquist impedance plot for 4M Cl", pH 1, 24°C, +400 mV (SSCE) showing no
hysteresis; the two curves are virtually indistinguishable from one another.
Figure 2.8a shows the Nyquist impedance plot for data collected at four potentials covering a
300mV range (-250 mV, -150 mV, -50 mV, +50 mV SSCE) in pH 6, 4M NaCI solution at 60°C
for a specimen with passive current density of 79 nA/cm2. Figure 2.8b shows the corresponding
Bode plot of phase shift and modulus. This result shows impedance increases with increasing
potential. These data are very well behaved and demonstrate the capability of this laboratory to
generate high-quality results.
Figure 2.9a shows the Nyquist impedance plot for data collected at three potentials covering a
200 mV range (-250 mV, -150 mV, -50 mV SSCE) in pH6, 4M NaCI solution at 60°C for a
specimen with passive current density of 14 nA/cm2. Figure 2.9b shows the corresponding Bode
plot of phase shift and modulus.
This result also shows increasing impedance with increasing potential, as in Figure 2.8a.
Notice the imaginary component of impedance is about four times greater for passive current
density of 14 nA/cm2 compared to 79 nA/cm2. Also note that the real component of impedance
decreases with increasing potential for the 79 nA/cm test while real impedance increases with
increasing potential for the 14 nA/cm2 test. Figures 2.8a and 2.8b show an unusual inflection in
the impedance and phase shift curves at low frequency for the 79 nA/cm test. The Bode plot
(Figure 2.8b) shows the low frequency tails of the phase shift curves turning upwards at 0.1 to
0.01 Hz, a result that is not seen in Figure 2.9b (or in any of the other results collected by this
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task but which have not been presented in this report). There is a corresponding inflection in the
Nyquist plot, Figure 2.8a, that is not seen in Figure 2.9a or any other Nyquist plots.
These results demonstrate the variability of electrochemical behavior among millannealed specimens and indicates the need for solution-annealed specimens for these tests to
provide acceptable internal consistency of the data.
Figure 2.10 shows the time dependence of impedance at -200mV potentiostatic conditions over a
350-hour (15 day) period at 30°C in pH 6, 4M NaCl solution. In this case impedance increases
as the film ages. The time required for the impedance to fully stabilize has not been determined.
Similar time-dependent impedance data have been collected for pH 6, 4M NaCl at -250mV and
60°C(Figure2.11).
Figure 2.11 shows the time dependence of impedance at 60°C in pH 6, 4M NaCl at -250 mV
(SSCE) at 100 hours and 170 hours. Passive current density for this specimen was 79 nA/cm2.
Notice in this case impedance decreases with increasing time compared with impedance
increasing with increasing time for the specimen tested at 30°C shown in Figure 2.9a.
Figure 2.12 shows impedance at 60°C in pH 6, 4M NaCl at -250 mV (SSCE) for a specimen
with passive current density of 14 nA/cm2. This plot compares high-to-low frequency scan with
low-to-high frequency scan and shows no hysteresis.
2.6.2.5 Cyclic Polarization Results
Figure 2.13a and 2.13b show potentiostatic cyclic polarization results for two different millannealed Alloy-22 specimens in pH 1, 4M Cl" at 80°C. There are significant differences between
the two. Figure 2.13a shows grain boundary sensitization and susceptibility to intergranular
corrosion while Figure 2.13b does not show this tendency. Also, both Figure 2.13a and 2.13b
show a high critical passivation current density, which is not ordinarily seen in Alloy-22. These
data indicate significant variability of microstructure and electrochemical and corrosion behavior
among mill-annealed specimens.
Figures 2.14a and 2.14b are photomicrographs of the Alloy-22 specimens which generated the
cyclic polarization scans in Figures 213a and 2.13b, respectively. Both specimens were in the
mill-annealed state and were cut from the same parent plate (same heat) of C-22. Both
specimens were polished to a mirror finish and subjected to cyclic polarization. These
specimens were etched only by the cyclic polarization process in pH 1, 4M Cl- electrolyte; no
additional etching was performed to reveal the microstructure. Significant grain boundary
precipitation is seen in Figure 2.14a, while Figure 2.14b shows much less, accounting for the
difference in cyclic polarization scans. Also, both specimens show slip lines. These differences
in microstructure have a significant impact on corrosion behavior. These results indicate the
need for solution-annealed specimens and thorough metallographic examination so that the data
generated are internally consistent.
Figures 2.15a, 2.15b, and 2.15c show cyclic polarization of three different mill-annealed
specimens in pH 6, 4M NaCl electrolyte at 30°C, 60°C, and 90°C respectively. Note that Figure
2.15b shows a small critical passivation current density while this features in absent in Figure
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2.15a; Figure 2.15c might be interpreted as displaying a critical passivation current density peak.
Also, Figure 2.15b and Figure 2.15c show hysteresis loops indicating susceptibility to localized
corrosion. Hysteresis is not seen in Figure 2.15a.
2.6.2.6 Potentiostatic Current Transient Results
Figure 2.16 shows a potentiostatic current transient measured at 60°C in pH 6, 4M NaCl solution
for the step change from -50mV to +50mV. Notice that the slope of the time vs. current curve
on the log-log plot is nearly zero at -50mV before the increase in potential is applied. The nearzero slope indicates that the system is very near true steady state and therefore confidence in the
accuracy of impedance data collected under these conditions is great. Also note that the current
density at +50mV returns to the same value (62 nA/cm ) that was measured at -50mV,
validating the Point Defect Model prediction that passive current density is independent of
potential for n-type defective chromic oxide films such as that which forms on Alloy-22. The
transients (not shown) measured for -250mV to -150mV and -150mV to -50mV also prove this
result, returning to 62 nA/cm2 about 48 hours after the potential step-change was applied.
2.6.2.7 Localized (Crevice) Corrosion
Figure 2.17 shows the potentiostatic current density data for an Alloy-22 specimen as it
developed stable localized corrosion at 60°C in pH 6, 4M NaCl solution. The specimen had
been in the test cell continuously for about 525 hours (22 days) before the localized corrosion
became stable resulting in greatly increased current density. Notice the occurrence of small
current spikes likely indicating metastable pitting for many hours before the baseline current
density deviated from the established steady state value. This behavior has been found to be
typical in 4M NaCl at pH 6 maintained by a sodium acetate/acetic acid buffer system (6.83x10"
3M acetate anion) at all temperatures tested. Every specimen tested under these conditions has
developed localized corrosion in about three weeks.
Figure 2.18 is a photomicrograph of one of the localized corrosion pits on the Alloy-22
specimen, which was used to generate the data in Figure 17.
Figure 2.19a and 21.9b are scanning electron micrographs of the same Alloy-22 specimen shown
in Figure 2.18. Magnification is 500x for Figure 2.19a and 2500x for Figure 2.19b. It is seen that
the porous, precipitated, upper layer film of the bilayer passive film (seen on the right hand side
of the image) has been removed by the localized attack (left hand side of the image).
Figure 2.20 presents scanning electron microscope EDXS line scan results for Alloy-22 localized
corrosion. The line scans cover the porous, precipitated layer and the area where the precipitated
layer has been removed by localized corrosion. It is seen that the precipitated layer compared to
the corroded area is enriched in chloride and depleted in nickel and molybdenum.
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2.7

Summary and Conclusions

The work reported here was performed under the control of the UCCSN Quality Assurance Program.
Experimental apparatus was designed and constructed specifically for collecting high-accuracy
electrochemical data over long-term periods of testing during which the test specimen will not be
disturbed and test parameters such as temperature, pH, and trace species concentration will not vary.
This apparatus has been thoroughly tested and demonstrated to perform as intended, allowing collection
of very high-accuracy potentiostatic current density, potentiostatic current density transients in response
to step changes in potential, and electrochemical impedance spectroscopy (EIS) data.
Electrochemical data have been collected for Alloy-22 in pH 6, 4M NaCl electrolyte at 30°C, 60°C, and
90°C and in pH 1, 4M Cl" electrolyte at 80°CData collected include cyclic polarization, potentiostatic
current density, potentiostatic current transients, and EIS.
Localized corrosion consistent with crevice corrosion of Alloy-22 in 4M NaCl, pH 6 solution has been
consistently observed and documented.
Significant variability of electrochemical behavior between mill-annealed specimens of Alloy-22 has
been observed and documented.
In order for this work to progress and provide the required full set of kinetic parameters for deterministic
modeling of corrosion processes of Alloy-22 in HLNW repository conditions, it is concluded that:
• test conditions must be changed to a lower chloride concentration to avoid localized corrosion
failures and,
• solution annealed specimens and thorough metallographic examination are required to generate
an internally consistent data set.
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TABLE 2.1. Test Matrix for Phase I Alloy-22 Passive Film Studies
Temperature (°C)

30

60

90

2

4M

4M

4M

6

4M

4M

4M

10

4M

4M

4M

EH
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Figure 2.1: Schematic of experimental apparatus.
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Figure 2.3: Twin-arm adapter for counter electrode compartment.
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Figure 2.4: Assembled test cell
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Figure 2.5: Fully assembled test cell in immersion heat bath with electrolyte flow and nitrogen
purge connections.
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Nyquist Plot, pH1, 4M CI-, 24C, +250 mV (SSC)
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Figure 2.6: Nyquist impedance plot for AIloy-22 showing hysteresis.
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Nyquist Plot, pH 1, 4M CI-, 24C, +400 mV (SSC)
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Figure 2.7: Nyquist impedance plot for Alloy-22 showing no hysteresis.
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Nyquist Plot, Alloy 22, -250mV to +50mV SSC
60 C, pH 6, 4M NaCI, Passive I = 79 nA/cm2
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Figure 2.8a: Nyquist impedance plot for Alloy-22 in 4 M NaCI, pH 6 solution at 60°C as a function
of the applied voltage (vs. Ag/AgCl) showing increasing impedance with increasing potential for
specimen with passive current density of 79 nA/cm2.
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Nyquist Plot, Alloy 22, Potential Dependence (SSC),
14 nA/cm2, 60C, pH 6, 4M NaCI
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Figure 2.9a: Nyquist impedance plot for Alloy-22 in pH 6, 4M NaCI solution at 60°C as function
of applied voltage (vs. SSCE) showing increasing impedance with increasing potential for
specimen with passive current density of 14 nA/cm .
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Bode Plot, Alloy 22, 60C, -250mV to +50mV (SSCE), pH6, 4M NaCI,
Passive I = 79 nA/cm
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Figure 2.8b. Bode Plot for Alloy-22 in 4 M NaCI, pH 6 solution at 60°C as a function of the
applied voltage (vs. Ag/AgCI) showing increasing impedance with increasing potential for
specimen with passive current density of 79 nA/cm2.
Bode Plot, Alloy 22, 60C, -250 mV to -50 mV (SSCE), pH 6, 4M NaCI
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Figure 2.9b. Bode Plot for Alloy-22 in pH 6, 4M NaCI solution at 60°C as function of applied
voltage (vs. SSCE) showing increasing impedance with increasing potential for specimen with
passive current density of 14 nA/cm .
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Nyquist Plot, Alloy 22, Z vs. Time at -200mV SSC
30C, pH 6, 4M NaCI
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Figure 2.10: Nyquist impedance plot for Alloy-22 showing time dependence of impedance at -200
mV (SSCE) in 30°C, 4M NaCI, pH 6.
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Nyquist Plot, -250 mV (SSC) 100 hr. & 170 hr., 60.5C, pH6,

4M NaCI
Passive Current Density 79 nA/cm
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Figure 2.11: Nyquist impedance plot for AHoy-22 showing time dependence of impedance at —250
mV (SSCE) at 60.5°C, pH 6, 4M NaCI for specimen with 79 nA/cm2 passive current density.
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Nyquist Plot, C-22, pH 6, 4M NaCI, 113 hr., -250 mV vs.
Ag/AgCI at 60.5 C
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Figure 2.12: Nyquist impedance plot for AIloy-22 after 113 hrs. of exposure at
-250 mV (SSCE) at 60.5°C, pH 6, 4M NaCI for specimen with 14 nA/cm2 passive current density.
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Cyclic Polarization, Alloy 22, pH 1, 4M Cl~, 81.7 C
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Figure 2.13a: Cyclic polarization of Alloy-22 in pH 1, 4M Cl at 81.7°C.
Cyclic Polarization, Alloy 22, pH 1, 4M Cl', 81.9 C
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Figure 2.13b: Cyclic polarization of Alloy-22 in pH 1, 4M Cl at 81.9°C.
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Figure 2.14a: Photomicrograph of specimen used to generate cyclic polarization scan shown in
Figure 13a.
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Figure 2.14b: Photomicrograph of specimen used to generate cyclic polarization scan shown in
Figure 13b.
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Alloy 22 Cyclic Polarization, pH 6, 4M NaCI, 30 C, Deaerated
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Figure 2.15a: Cyclic polarization of Alloy-22 in pH 6, 4M NaCI at 30°C.
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Alloy 22 Cyclic Polarization, pH 6, 4M NaCI, 60 C, Deaerated
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Alloy 22 Cyclic Polarization, pH 6, 4M NaCI, 87.2 C, Deaerated
8.00E-01

6.00E-01

-4.00E-01

-6.00E-01
1.0E-11

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

1.0E-05

10E-04

1.0E-03

1.0E-02

Current (A)

Figure 2.15c: Cyclic polarization of Alloy-22 in pH 6, 4M NaCI at 87.2°C.
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Current Transient, -50mV to +50mV (SSC), 60C, pH6, 4M NaCI
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Figure 2.16: Potentiostatic transient for Alloy-22 in pH 6, 4 M NaCI solution at 60°C obtained on
stepping the potential from -50 mV to 50 mV vs. Ag/AgCl, 4 M KC1.
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Potentiostatic Current Showing Onset of Crevice Corrosion in Alloy 22
+50mV and +150mV SSC, 60 C, pH 6, 4M NaCI
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Figure 2.17: Potentiostatic transient for Alloy-22 in pH 6, 4 M NaCI solution at 60°C obtained on
stepping the potential from 50 mV to 150 mV vs. Ag/AgCl, 4 M KCI, showing the onset of localized
corrosion between the alloy and the mounting material.

Figure 2.18: Photomicrograph of localized corrosion of Alloy-22 at interface between the metal
specimen and the mounting epoxy.
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Figure 2.19a: Scanning electron micrograph of localized corrosion on Alloy-22 showing removal
of porous, precipitated upper layer film of the bilayer passive film (magnification 500x).

46

Final Technical Report: Continue Stress Corrosion Cracking/Electrochemical Testing And Model Support, Task 14,
Document ID: TR-03-006, Revision 1.

Figure 2.19b: Scanning electron micrograph of localized corrosion on Alloy-22 showing removal
of porous, precipitated upper layer film of the bilayer passive film (magnification 2500x).
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Figure 2.20: EDXS line scans on Alloy-22 localized corrosion. Non-Q data for information only.
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3. Subtask 3 - Electrochemical Methods to Detect Susceptibility of Alloy- 22 to Intergranular
Corrosion
3.1

Introduction And Objectives

Alloy-22 (UNS N06022) a Ni-Cr-Mo-W alloy, is a candidate material for construction of the outer wall
of nuclear waste containers17'18'19. Even though Alloy-22 in wrought form is considered to have phase
stability at the operating temperatures (<200°C) of the repository, exposure to elevated temperatures
during fabrication processes such as welding and stress relieving could alter its microstructure leading to
the deterioration of its mechanical and corrosion properties. Welding in Alloy-22 causes microstructural,
such as the formation of dendrites in the weld metal, segregation of Mo and W at the interdendrites,
formation of topologically close packed phases both in weld metal and heat affected zone (HAZ), and
possibly precipitation of long range ordered phases19'20'21'22. The formation of these secondary phases
could make the material susceptible to intergranular corrosion and/or reduce its strength and
ductility23'24'25'26'27'28'29'30. Therefore, it is imperative to develop a testing technique to evaluate the
microstructural changes that occur during fabrication or exposure to service conditions, so that the
integrity of the waste package container can be ensured.
ASTM G-28 specifies two procedures to detect intergranular susceptibility of nickel base alloys based
on weight loss measurements, after exposing specimens to boiling mixed-acid solutions. This test
17 T. S. Edgecumbe Summers, M. A. Wall, M. Kumar, S. J. Mathews, R. B. Rebak, "Phase Stability and Mechanical
Properties of C-22 Alloy Aged in Temperature Range 590 to 760oC for 16,000 Hours," in Scientific Basis for Nuclear Waste
Management XXII, Materials Research Society Symposium Proceedings Vol. 556, ed. D. J. Wronkiewicz and J. H. Lee
(Materials Research Society, Warrendale, PA, 1999) 919-926.
18 R. B. REBAK, T. S. EDGECUMBE SUMMERS, and R. M. CARRANZA, "Mechanical Properties, Microstructure and
Corrosion Performance of C-22 Alloy Aged at 260oC to SOOoC," in Scientific Basis for Nuclear Waste Management XXIII,
Materials Research Society Symposium Proceedings Vol. 608, ed. R. W. Smith and D. W. Shoesmith (Materials Research
Society, Warrendale, PA, 2000) 109-114.
19 T. S. EDGECUMBE SUMMERS, R. B. REBAK, T. A. PALMER, P. CROOK, "Influence of Thermal Aging on the
Mechanical and Corrosion Properties of GTAW welds of Alloy N06022," in Scientific Basis for Nuclear Waste Management
XXV, Materials Research Society Symposium Proceedings Vol. 713, ed. B. P. McGrail and G. A. Cragnolino (Materials
Research Society, Warrendale, PA, 2002) 45-52
20 M. J. CIESLAK, T. J. HEADLEY and A. D. ROMIG IR, "The Welding Metallurgy of HASTELLOY Alloys C-4, C-22,
and C-276, Metall. Transactions A 17 A (1986) 2035
21 I. S. Ogborn, D. L. Olson, M. J. Cieslak, " Influence of Solidification on the Microstructural Evolution of Nickel Base
Weld Metal," Materials Sci and Eng A203 (1995) 134
22 M. J. Cieslak, G. A. Knorovsky, T. J. Headley and A. D. Romig, Jr., "The Use of New PHACOMP in Understanding the
Solidification Microstructure of Nickel Base Alloy weld Metal," Metall. Trans A 17 A (1986) 2107
23 Z. FANG, Y. S. WU, L. ZHANG and J. Q. LI, " Application of the Modified electrochemical Potentiodynamic
Reactivation Method to Evaluate Intergranular Corrosion susceptibility of Stainless Steels," Corrosion 54 (1998) 339
24 N. LOPEZ, M. CID, M. PUIGGALI, I. AZKARATE and A. PELAYO, "Application of Double Loop Electrochemical
Potentiodynamic Reactivation Test to Austenitic and Duplex Stainless Steels," Materials Sci and Eng. A A229 (1997) 123
25 Y.-M. PAN, D. S. DUNN, G. A. CRAGNOLINO, andN. SRIDHAR, "Grain-Boundary Chemistry and Intergranular
Corrosion in alloy 825," Metall. Transactions A 31A (2000) 1163
26 U. L. HEUBNER, E. ALTPETER, M. B. ROCKEL and E. WALLIS, "Electrochemical Behavior and its Relation to
Composition and Sensitization of NiCrMo alloys in ASTM G-28 Solution," Corrosion 45 (1989) 249
27 R. M. KRUGER and G. S. WAS, "The influence of Boron on the Grain Boundary Chemistry and Microstructure of Ni16Cr-9Fe-0.03C," Metall. Transactions A 19A (1988) 2555
28 R. M. KRUGER, S. F. CLAEYS and G. S. WAS, Corrosion 41 (1985) 504
29 K. MIYATA and M. IGARASffl, " Effect of Ordering on Susceptibility to Hydrogen Embrittlement of a Ni-Base
Superalloy," Metall. Transactions 23A (1992) 953
30 F. G. HODGE, "Effect of Aging on he Anodic Behavior of Ni-Cr-Mo alloys," Corrosion 29 (1973) 375
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method is not useful for field applications, where in-situ evaluation is needed. A rapid electrochemical
test method such as the Electrochemical Potentiokinetic Reactivation (EPR) test could be a useful tool to
detect and quantify the intergranular susceptibility of the materials due to microstructural changes
occurring during fabrication processes. The EPR technique can be used for in-situ evaluation using a
suitable electrochemical cell and potentiostat assembly.
ASTM G-108 specifies a standard procedure for conducting EPR tests for 304 and 304L stainless steels.
However, there are no standard electrochemical reactivation test solutions or procedures available for
Ni-Cr-Mo alloys. It is generally believed that the formation of TCP phases by diffusion of substitutional
alloying elements may not result in a sharp depletion profile for Cr, at the grain boundaries or
interdendritic regions. This speculation is based on the Cr depletion observed in stainless steels because
of the formation of chromium carbides. Generally, a deep Cr profile has been attributed to the difference
in diffusivities of interstitial carbon and Cr. However, it has also been reported that the formation of
TCP phases like a results in Cr depletion, especially in low carbon stainless steel welds . Recently,
Turnbull et al developed a novel electrochemical technique to detect localized corrosion susceptibility
of duplex stainless steel welds associated with alloy-depleted zones due to formation of the a-phase.
Substitution of larger atoms like Mo and W would result in slower diffusion of solute atoms. When
formation of TCP phase is thermodynamically possible, depletion of alloying elements, at the grain
boundaries or interdendritic regions, should be anticipated because of the difficulty in diffusion. In
Alloy-22 also it is likely that formation of TCP phases could result in a deep depletion profile of
alloying elements, causing preferential corrosion attack. The depletion of alloying elements could be of
two kinds i.e. 1. Cr depletion and 2. Mo & W depletion. It should be noted that Cr depletion would
result in decrease in corrosion resistance to oxidizing environments while Mo depletion would cause
reduced corrosion resistance in reducing environments. Therefore, a single test procedure may not detect
both Cr depletion and Mo depletion. Individual test solutions and procedures are required to be
developed to detect the level of individual alloy element depletion.
Therefore, the objectives of the proposed subtask are:
1) To develop an EPR test solution and test procedure to detect and quantify the level of chromium
depletion at the grain boundaries and interdendritic regions, in Alloy-22.
2) To develop an electrochemical test solution and test procedure to detect and quantify the level of
Mo depletion in the matrix due to the formation of TCP phases.
3) To study the effect of precipitation of secondary phases on the corrosion resistance of Alloy-22,
especially in chloride containing environments.
3.2

Experimental

3.2.1 Wrought Material
The chemical composition of the wrought material used in this investigation is:
Cr - 21.70%
Mo- 13.10%
Fe- 03.50%
W - 02.80 %
Co- 01.30%
Mn- 00.24 %
V00.15%
D. PECKNER, I. M. BERNSTEIN, Handbook of Stainless Steels McGraw-Hill, New York (1977) 4-53
A. TURNBULL, P.E. FRANCIS, M. P. RYAN, L.P. ORKNEY, AJ. GRIFFITHS, B. HAWKINS, Corrosion, 58 (2002)
1039.
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32
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Si PCSNi -

00.03 %
00.01 %
0.002 %
<0.01 % and
Remainder

12.5 mm diameter and 12.5 mm long cylindrical discs were machined out of the mill-annealed (as
received) 16 mm thick plate stock. After thorough washing in soap, running water, and acetone, these
discs were aged at 610, 650, 700, 750, 800, and 850°C for 0.1, 1, 15 or 20, and 100 hours in an electric
resistance furnace. The furnace atmosphere was not purged with any gas. The temperature was
controlled within ±1 °C by placing a Q-calibrated K-type thermocouple close to the specimens in the
muffle furnace. About 30-40°C difference was observed between the temperature indicated by the
furnace (measured by its own thermocouple) and the temperature indicated by Q-calibrated
thermocouple-temperature indicator combination. The specimens were always aged according to the Qcalibrated thermocouple measurements. For comparison, specimens were also tested in the millannealed (as received) condition. Insulated copper wire was soldered to one of the flat faces of the
specimens for electrical connections. The specimens were then mounted in epoxy resin, with the other
flat face (surface area of 1.22 cm2) exposed. The working surface of the specimens was polished with a
series of emery papers down to 600 grit, thoroughly washed with soap water, and rinsed in distilled
water immediately before testing.
3.2.2 Electrochemical Testing
3.2.2.1 EPR Testing
EPR Tests can be carried out using: 1. single loop or 2. double loop methods.
Single Loop (SL-EPR): In this method the specimen is initially passivated at a pre-selected potential in
the passive potential range for a pre-determined length of time (usually 120s) in the test solution. The
passivated specimen is then reactivated/sensitized by scanning the potential in the cathodic direction.
The potential is scanned to the corrosion potential at a required sweep rate. Thus, the regions depleted
of alloying elements and hence having a less stable passive film are reactivated/sensitized and anodically
dissolved. The charge associated with this localized dissolution process is normalized with respect to the
grain boundary area and is considered as a measure of the degree of sensitization. The SL-EPR method
is sensitive to surface conditions of the specimen and the grain size of the material as these parameters
affect the testing area used in the calculations.
Double Loop (DL-EPR): In this method, the specimen is polarized from the corrosion potential to a preselected passive potential by scanning the potential in the anodic direction at the required sweep rate.
After reaching the pre-selected passive potential, the potential sweep is reversed back to the initial
corrosion potential (i.e. scanned in the cathodic direction). The ratio of the peak current values recorded
during the reverse potential sweep (Ir) and forward potential sweep (Ia) is considered as a measure of the
degree of sensitization. The DL-EPR method has advantages over SL-EPR method in that it is not
sensitive to surface conditions and grain size effects. Therefore, the calculation of exact test surface area
is not required. This makes it a more suitable technique for in-situ field evaluations.
Requirements for EPR Test Solutions:
An EPR test solution should have the following components: 1) to passivate the intra-granular areas,
which have uniform composition with a single-phase structure and 2) to activate the areas having a
different composition and/or structure from the matrix. In general, the test solution is a mixture of an
acid and an activator. KSCN is a standard activator used in the test solution specified by ASTM G108.
Fang et al23 have recommended thioacetamide as an activator for detecting sensitization in 308 stainless
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steels. Turnbull et al have observed that a suitable combination of reducing acid and a de-passivator
gave information about Mo depletion in duplex stainless steel welds. Activators generally contain sulfurbearing free electron pairs, and the species with free electron pairs can be easily adsorbed on a metal
surface. This results in lowering the metal-metal bond strength. However, if the passive film on the
metal surface is intact, such adsorption may not be easy. Weakening of metal-metal bond strength and
the formation of a dipole between the metal and sulfur ions facilitate easy dissolution of the metal23. As
passivation is delayed at Cr depleted regions, these regions are preferentially attacked by the activators,
during reactivation tests.
3.2.2.2 Test Solution for Cr depletion
Electrochemical reactivation tests were carried out on aged wrought specimens in the following test
solutions:
a)
0.5 MH 2 SO 4 +0.01 MKSCN
b)
0.05 M H2SO4 + 0.01 M Thioacetamide (CH3CSNH2)
c)
0.5 M H2SO4 + 0.003 M Thioacetamide (CH3CSNH2)
d)
0.5 M H2SO4 + 0.01 M thiourea (NH2CSNH2)
e)
ASTM G-28 Solution (23% H2SO4 + 1.2 % HC1 + 1 % FeCl3 + 1 % CuCl2)
f)
ASTM G-28 Solution with 0.1% KSCN
g)
XM H2SO4 +0.5 M NaCl +Y KSCN (X=l or 2, Y=0.01, 0.02 and 0.05 M).
The above tests were carried out as scoping work and salient results of these tests have been reported
elsewhere . A unique test solution and optimal test conditions, which gave reproducible results and
good resolution between aging temperatures and times, were selected based on the results of the scoping
work. This report describes the experimental conditions and results of the tests carried out in the test
conditions described in Table 3.2.1, following all the QAP requirements for scientific investigation.
3.2.2.3 Test Solution for Mo & W depletion
Similar to the Cr depletion tests described above, different test solutions were investigated for detecting
Mo and W depletion as part of scoping work. Most of the scoping work on Mo depletion was carried out
on non-Q weld specimens and results have been reported elsewhere33. The following combinations of
test solutions were investigated:
1)
2)
3)
4)
5)
6)

0.5 MH2SO4 + 1 MHC1 + 0.01 MKSCN
1 M HC1
1 NHNO 3 + 2 MHC1 +0.01 MKSCN
1 MH 2 SO 4 + 2 MHC1 +0.01 MKSCN
2 M HC1 + 0.01 M Fe2(SO4)3 + 0.01 M KSCN
2MHC1 + 0.01MKSCN

Based on the results of scoping work an appropriate test solution and test procedure was selected which
could give reproducible results and good resolution between the heat treatment conditions. This report
describes the experimental conditions and results of the tests carried out in the test conditions described
in Table 3.2.2, following all the QAP requirements for scientific investigation.
3.2.2.4 Test Details

K. S. RAJA, D. D. GORHE, S. A. NAMJOSHI, D. A. JONES, "Electrochemical Methods to Detect Susceptibility of NiCr-Mo-W Alloy-22 to Intergranular Corrosion" Paper # 72315, llth International Conference on Environmental Degradation
of Materials in Nuclear Power Systems-Water Reactors, August 10-14,2003, Stevenson, Washington
33
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Single and double loop electrochemical reactivation tests were carried out using the above solutions at
30 or 60°C. A conventional three-electrode system with a specimen test electrode and two Pt auxiliary
(counter) electrodes (Ingold electrodes, Boston, MA), in a five-necked 1-liter flask was used. The
counter electrodes were placed on opposing sides of the working electrode, to obtain a highly uniform
current distribution. A saturated calomel electrode (SCE) was used as the reference electrode, with a
solution bridge and Luggin probe. The solution electrolyte was de-aerated for at least one hour prior to
specimen immersion with a pure-nitrogen purge and the purge was continued throughout each test. The
SL and DL-EPR tests were conducted as described in section 3.2.2.1 using the conditions described in
section 3.2.2.2. All specimens were polished down to a 1-micron finish and the solutions were
continuously de-aerated by purging nitrogen. The charge was not normalized with respect to the grain
boundary area in SL-EPR tests, as the grain size remained almost the same for all specimens aged at
610-750°C. A silver/silver chloride electrode in saturated KC1 solution (SSC), was used as a reference
electrode in the 60°C tests.
3.2.3 Chemical Weight Loss Measurements
Chemical weight loss measurements were carried out on the aged wrought materials following the
procedure given in ASTM G-28 Method-B. The aged cylindrical specimens were suspended in the
boiling solution of 23% H2SO4 + 1.2 % HC1 + 1% FeCl3 + 1% CuCl2 for 24 h and the weight losses
were recorded. All the tests were conducted two-three times and average values are reported.
3.3. RESULTS
3.3.1 Cr-Depletion (EPR results in 1M H2SO4 + 0.5 M NaCl + 0.01 M KSCN solution)
3.3.1.1 Wrought Specimens Aged at 610 °C
Figure 3.1 shows the single loop test results for Alloy-22 specimens aged at 610°C for 1 and 20 hours.
The reactivation peak currents for the specimen aged for 1 hour and 20 hours are equal within
experimental error. Correspondingly, the charge associated with reactivation is also similar for both the
specimens. It should be noted that these results are based on single tests. However, double loop EPR
tests showed that the reactivation current ratio increased with increasing aging time. Figure 3.2 shows
the results of DL-EPR tests. Clearly the reactivation peak current increased with aging time at 610°C,
indicating that Cr depletion increased with aging time at this aging temperature. The charge accumulated
during reactivation-assisted dissolution of the alloying-element depleted zone during SL-EPR tests is
summarized in Table 3.3.1 for the various times and temperatures of aging. Similarly, figure 3.3
summarizes the reactivation peak current ratios for the various times and temperatures of aging from
DL-EPR tests in 1M H2SO4 + 0.5 M NaCl + 0.01 M KSCN solution.
3.3.1.2 Wrought Specimens Aged at 650 °C
Figure 3.4 shows the single loop EPR test results of Alloy-22 aged at 650°C for 1, 20 and 100 hours. It
can be seen that the reactivation peak current decreased with increasing aging time. As before, the
charge accumulated during reactivation-assisted dissolution of the alloying-element depleted zone
during SL-EPR tests is summarized in Table 3.3.1. It can be seen that, for specimens aged above 610°C,
the charge released during reactivation decreased with aging time. These results indicate that there could
be a Cr-healing effect with increasing aging time if the aging temperature was higher than 610°C.
Alloy-22:
Double loop EPR results for this aging temperature, shown in figures 3.5 (a), (b), and (c), also follow the
same trend observed in single loop tests (decreasing peak current ratio with increasing aging time).
Multiple tests were carried out and good reproducibility could be observed. Both single and double loop
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EPR results reveal that the grain boundary Cr-depleted zones could be healed by recovery of Cr by, due
to diffusion from bulk of the grain, during prolonged aging at or above 650°C.
3.3.1.3 Wrought Specimens Aged at 700°C
Figure 3.6 shows the single loop EPR test results of Alloy-22 aged at 700°C for 1, 20 and 100 hours.
Similar to the behavior exhibited at the aging temperature of 650°C, the reactivation peak current
decreased with increasing aging time. Figure 3.7 shows results of the DL-EPR tests for the specimens
aged at 700°C. It should be noted that not only did the Ir/Ia ratio decrease with time; but the magnitudes
of the currents during forward and reverse potential sweep also decreased with increasing aging time.
The peak current during the forward sweep indicates the critical current required for passivation. A
decrease in this critical current indicates the recovery of the corrosion resistance of the material.
Increased critical current for passivation during initial stages of aging at relatively higher temperatures
indicates that Cr depletion occurred due to the formation of Cr-rich precipitates along the grain
boundaries, deteriorating the corrosion resistance. However, prolonged exposure to high temperature
resulted in recovery of Cr in those depleted zones as both the forward and reverse current peaks
decreased. It should be noted that Cr recovery was followed by Mo depletion as Mo rich precipitates
started forming, which will be discussed subsequently. The 1M H2SO4 + 0.5 M NaCl + 0.01 M KSCN
solution was not observed to affect the corrosion resistance of the Mo depleted zones.
3.3.1.4 Wrought Specimens Aged at 750°C
Figure 3.8 shows the single loop EPR test results of Alloy-22 aged at 750°C for 1, 20 and 100 hours.
The reactivation peak current decreased with increasing aging time as in the case of specimens aged at
650 and 700°C. The specimen aged at 750°C for 100 hours did not show any reactivation charge,
indicating almost complete Cr recovery. Figure 3.9 shows the DL-EPR plots of the specimens aged
750°C. The double loop EPR results support the results of single loop tests. Both the Ir/Ia ratio and the
individual magnitudes of the currents during forward and reverse potential sweep decreased with
increasing aging time for this aging temperature. There was no reactivation peak current for the
specimen aged for 100 hours at 750°C.
3.3.1.5 Wrought Specimens Aged at Different Temperatures for 0.1 hour
In order to simulate the weld heat affected zone (HAZ) condition, Alloy-22 specimens were exposed to
different temperatures for a short duration of 0.1 hour. DL-EPR tests were conducted on these
specimens, as described before. Table 3.3.2 summarizes the reactivation peak current ratios observed for
these specimens, during DL-EPR tests. Even though no direct correlation between the reactivation peak
current ratios and the aging temperatures could be observed, the important information obtained in this
investigation was that exposure to temperatures in the range 650-850°C for short durations could be a
potential problem due to secondary phase precipitates. A similar temperature-time history could be
anticipated during quenching of the material from the solution annealing temperature. Delayed cooling
and a slightly extended temperature excursion in the range of 650-850°C could lead to precipitation of
secondary phases and associated alloy element depletions.
3.3.2 Mo and W Depletion (EPR test results in 2 M HC1 + 0.01 M KSCN Solution at 60°C)
3.3.2.1 Wrought Specimens Aged at 65(fC
Figure 3.10 shows the SL-EPR results in 2 M HC1 + 0.01 M KSCN solution at 60°C. It can be seen that,
the reactivation current peak as well as the reactivation charge increased with increasing aging time.
This behavior is opposite that observed in the 1 M H2SO4 + 0.5 M NaCl + 0.01 M KSCN solution. TCP
phases rich in Mo and W continue to form intergranularly with aging time causing depletion of these
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alloying elements in regions adjacent to the grain boundaries. A larger Mo & W depleted zone could
result in a larger reactivation charge. It was observed that Mo & W depleted zones could be attacked by
the HC1 solution at 650°C but not by the H2SO4 solution. DL-EPR tests in 2 M HC1 + 0.01 M KSCN
solution also showed similar trend as that of SL-EPR tests (Figure 3.11). Current peaks during both
forward and reverse potential sweeps increased with increasing aging time. The increase in critical
current density for passivation with increasing aging time showed decreased corrosion resistance of the
material because of aging.
3.2.2. Wrought Specimens Aged at 700°C
Figure 3.12 shows some typical results of DL-EPR tests in 2M HC1 + 0.01 M KSCN solution at 60°C.
The ratio between reactivation peak currents increased with aging time; however, the difference was not
significant. Comparison of forward peak currents (critical current for passivation) between aging times
gave good resolution between the aging conditions. The activation peak current increased by an order of
magnitude with increasing aging time from 1 h to 20 h. The order of magnitude increase in current was
proportional to the order of magnitude increasing aging time, in general. The results indicate that TCP
phase precipitation increased with aging time causing enlarged depletion zone size.
3.3.2.3 Wrought Specimens Aged at 750°C
Figure 3.13 shows some typical results of DL-EPR tests in 2M HC1 + 0.01M KSCN solution at 60°C.
There was marginal increase in the Ir/Ia ratio with increasing aging time. A comparison of forward peak
currents (critical current for passivation) between the different aging times gave a good resolution
between the aging conditions of 1 and 20 hours. However, the difference between the activation peak
currents of 20 and 100 hours was not significant. If the magnitudes of reactivation peak currents were
compared, an order of magnitude difference could be observed between the aging conditions at 750°C.
3.3.2.4 Wrought Specimens aged at 800 and 850°C
Figure 3.14 shows the DL-EPR results for alloy-22 aged at 800 and 850°C for 100 hours. In these
specimens precipitation of TCP phases was found to occur along the grain boundaries and within the
grain as well. Therefore, the magnitude of both activation and reactivation current peaks were very large
compared to other aging conditions.
3.3.2.5 Wrought Specimens aged for 0.1 h
Table 3.3.3 shows the results of DL-EPR tests for Alloy-22 aged at different temperatures for 0.1 hour.
The Ir/Ia ratio increased with increasing aging temperature. It is interesting to note that aging for 0.1 hour
caused an increase in reactivation current ratios in both Cr-depletion and Mo-depletion detecting
solutions. It was observed that the magnitudes of the current peaks were larger at intermediate
temperatures (650 and 700°C) than at high temperature (850°C). This indicates that diffusion of
interstitial atoms may be more predominant than substitutional atoms leading to the depleted zones.
3.3.3 Corrosion Rate Measurements Using ASTM G-28 Method B Tests
Table 3.3.4 shows the corrosion rate of aged Alloy-22 wrought specimens in a boiling mixed acidoxidative salt solution, tested according to ASTM G-28, Method B. A large scatter in weight loss
measurements could be observed. Figure 3.15 illustrates the average corrosion rates as a function of
aging condition. As expected, with an increase in aging temperature and time, there was an increase in
the corrosion rate. These results cannot be directly correlated with the EPR results of wrought materials
in 1 M H2SO4 + 0.5 NaCl + 0.01 M KSCN solution, which showed decreasing reactivation peak current
ratios with increasing aging time at or above 650°C (figure 3.3). However, a good correlation could be
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obtained when only the magnitudes of the activation or reactivation current peaks were compared with
the respective ASTM G28 corrosion rates. Figure 3.16 illustrates an example of this comparison, where
the DL-EPR reactivation peak currents of Alloy-22 specimens aged at 750°C were compared to the
results of ASTM G28 Method B tests. Although the EPR results could be correlated well with those
from ASTM tests, it is reasonable to assume that EPR tests would give better reproducibility. The reason
for this assumption is that weight loss measured after boiling acid immersion testing pertains not only to
the attack on alloying element depleted zone, but also to drop-out of the precipitates when the adjacent
area was completely attacked. Such experimental artifacts are not present in case of the electrochemical
testing.
3.4. Discussion
Generally it is expected that the degree of sensitization increases with increasing aging time. Huebner et
al26 observed a corrosion rate increase with increasing aging time for Alloy-22, which was attributed to
the depletion of Mo. It should be noted that the increased corrosion rates of sensitized austenitic
stainless steels24, Inconel 60027, and alloy 8259 were attributed to Cr depletion. The increase in corrosion
rate with increasing aging time depends on the aging temperature. Pan et al25 observed a deeper and
narrower Cr depletion profile in alloy 825 during the initial stages of aging at 700°C and with increasing
aging time the Cr depletion profile became shallower and broader. Lopez et al24 correlated EPR test
results in 2 M H2SO4 + 0.5 M NaCl + 0.01 M KSCN solution to the Cr depletion in duplex stainless
steels. According to Kruger et al28, EPR test results in the sulfuric acid + KSCN solution can be better
correlated with the width of the Cr depleted zone rather than with the depletion zone depth for Ni-Cr-Fe
alloys. Therefore, in this investigation the reactivation current ratio in 1 M HaSC^ +0.5 M NaCl + 0.01
KSCN solution can be correlated to the Cr depleted regions formed during initial stages of aging.
Without carrying out analyses of the Cr profile across the grain / precipitate boundaries it is difficult
understand if the reactivation current ratio was more sensitive to the Cr depletion zone width or zone
depth. Kruger and Was28 observed that 14% Cr content was the threshold for intergranular attack for a
nickel alloy containing 16% Cr. Pan et al25 observed that for alloy 825, the critical Cr content below
which intergranular corrosion attack could be observed was 19% against a bulk Cr content of 22%.
Therefore, it is reasonable to assume in the present study, that the EPR tests were more sensitive to
regions with less than 19% Cr. The double loop EPR results show that during aging at 650°C, the
precipitation process increased the Cr depleted zone size with increasing aging time. Aging at 700 or
750°C initially caused very deep and narrow Cr depleted zone, which was replenished with diffusion of
Cr from the bulk of the grain with increasing aging time. This process resulted in a shallower and wider
Cr depletion profile. If the Cr depletion profile shows higher Cr content than the detection limit of the
EPR test, no reactivation would be observed. Generally, tingle loop EPR test results support the double
loop EPR test results.
Published literature attributes the increased corrosion rate of aged Ni-Cr-Mo-W alloys to the dissolution
of Mo rich jo, phase and associated Mo depletion. However, this study on Alloy-22 specimens using
modified electrochemical reactivation tests shows Cr depletion occurs during the initial stages of
thermal aging. In the absence of extensive microstructural studies with elemental profile analyses, the Cr
depletion could be attributed to three possible reasons: i) formation of Cr rich carbides, ii) formation of
Cr rich ordered phase of type Ni2Cr2 , and iii) formation of Cr rich (Ni, Fe, Co)s(Cr, Mo, W)2 type uphase30 precipitates. Even though the carbon content of the alloy is very low, precipitation of carbides is
possible as the kinetics of carbide precipitation were observed to be faster than u. phase precipitation30.
Pan et al25 observed extensive carbide precipitation for alloy 825 with three times more carbon content
than Alloy-22 at similar temperatures. When the Mo content is more than 6% it is expected that the
predominant carbide phase is MeC. Interestingly, both the MeC and fi phase showed almost similar
chemistry20'30'31 and Hodge30 showed that the u. phase has about 40% more Cr than the bulk. Therefore,
it is possible that these Cr-rich carbides could act as nuclei for other intermetallic precipitates.
Precipitation of short range ordered phases such as Ni2Cr during low temperature exposure could act as
nuclei for precipitation of other phases or could result in Cr partitioning, even though this ordering
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occurs homogeneously. Segregation of S, P, and Si along the grain boundaries during aging also could
contribute to the anodic dissolution current. However, in double loop EPR tests such current
predominantly occurs during the forward sweep and therefore, the reactivation current during the reverse
sweep can be attributed to only the Cr depleted zone. The present investigation showed precipitation of
intermetallic phases in wrought Alloy-22 occurring in two stages: Stage 1. nucleation of Cr rich
precipitates during the initial stages of aging (aging at 610°C and initial stages of aging at 700 and
750°C for 1 h) followed by, Stage 2. precipitation of Mo rich (j, phase particles (long aging times (>lh)
at 650-750 °C) during which time the Cr depleted zone was replenished. TEM-EDX results on the
specimen aged at 750°C for 100 hours also showed evidence of flat Cr and depleted Mo profiles
adjacent to the grain boundary precipitate33.
EPR test results in 2 M HC1 + 0.01 M KSCN solution showed increased activation and reactivation
current peaks with increase in aging temperature and time for most aging conditions. The change in the
reactivation current ratio was not significant enough to correlate it to available ASTM standard test
results. However, if the current peaks during forward and reverse sweeps are considered independently
for different aged specimens, it could be observed that the current peaks increased with aging
conditions, as seen in figures 3.11 - 3.14. The current peak during forward sweep (Ia), which is also
denoted as the critical current for passivation, is an indication of the ability of the material to passivate.
For example, the critical current density for passivation of 304 SS in 1 N HiSCU was observed to be two
orders higher than that of Alloy-2234. The critical current was observed to increase with the
aggressiveness of the environment, and the ability of the material to passivate. Therefore, the increase in
critical current for passivation clearly indicates a loss in corrosion resistance of the material with aging.
The reactivation current behavior could be directly correlated to the formation of TCP phases and
associated Mo depletion, as the current during reverse sweep increased only marginally during initial
stage of aging at 760°C and increased substantially after prolonged aging which followed the volume
fraction of TCP phases present in the material. At present the minimum level of Mo or W required to
resist the corrosion attack by 2 M HC1 solution is not known. The EPR results indicate that aging of
Alloy-22 at 650-850°C possibly causes a deeply depleted zone of alloying elements in the vicinity of
intermetallic precipitates such as the ja phase, which is enriched in Mo with a possible composition of
NivMoe or NisMo2. Formation of such TCP phases is not found to affect the Cr profile as no reactivation
peaks were observed during EPR tests in 1 M H2SO4 + 0.5 M NaCl + 0.01 M KSCN solution.
3.5

-

Conclusions

EPR testing of aged wrought materials in 1 M H2SO4 + 0.5 M NaCl solution at 30°C detected Cr
depletion, while EPR testing in 2 M HC1+0.01 M KSCN solution at 60°C detected Mo depletion.
Aging at or above 650°C for long durations (>lh) replenished the Cr depletion as the reactivation
current peaks decreased with increasing aging time.
An increase in the aging temperature and time increased the corrosion rate in ASTM G-28
Method B tests, which could be attributed to the TCP phase formation and associated Mo and W
depletion. The weight loss measurements could be correlated to the double loop EPR tests in 2 M
HC1 + 0.01 M KSCN solution at 60°C.
EPR tests of aged wrought Alloy-22 suggested two possible steps of precipitation reactions i.e
first, an unidentified Cr rich phase precipitates along grain boundaries followed by a second
reaction of formation of Mo rich u-phase.

K. S. RAJA and D. A. JONES, "Continuous Passive Current Measurements of Stainless Alloys In Simulated Oxygenated
Conditions Using An Open Circuit Reference Electrode" Paper # 03396 Corrosion 2003, NACE.
34
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TABLE 3.2.1: Test conditions used for detecting Cr-Depletion.
Test solution
Test Temperature
Potentials Scanned Single Loop
vs. Ag/AgCl
Double Loop
Scan Rate
Gas purge
Counter electrode
QAP Procedure followed

1 M H2SO4 +0.5 M NaCl + 0.01 KSCN
30°C
Initial passivation at +400 mV, 120s
Ecorr I± +400 mV ^Ecorr

0.5 mV/s
Commercial purity nitrogen
Pt
IPR-018

TABLE 3.2.2: Test conditions used for detecting Mo and W-Depletion
Test solution
Test Temperature
Potentials Scanned Single Loop
Vs. Ag/AgCl
Double Loop
Scan Rate
Gas purge
Counter electrode
QAP Procedure followed

2MHCl + 0.01mKSCN
60°C
Initial passivation at +400 mV, 120 s
Ecorr -" +400 mV -*Eeorr

0.5 mV/s
Commercial purity nitrogen
Pt
IPR-018

TABLE 3.3.1 Charge associated with reactivation currents during SL-EPR tests of Alloy-22 aged
specimens in 1M H2SO4 + 0.5 M NaCl + 0.01 M KSCN solution.
Aging condition, (°C/h)
610/1
610/20
650/1
650/20
650/100
700/1
700/20
700/100
750/1
750/20
750/100

Charge accumulated in Coulomb/cm^
5.66xlO"3
3.16X10'3
9.66x10°
5.98xlO"3
1.61xlO'3
3.67xlO"3
3.98x10°
1.92xlO"3
3. 48x1 0"3
9.34x1 0"4
6.52x1 0'4
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TABLE 3.3.2 Summary of ratio of reactivation to activation current ratio (Ir/Ia) of the Alloy-22
specimens aged at different temperatures for 0.1 h. Test solution: 1M HiSC^ + 0.5 M NaCl + 0.01
M KSCN (NRP = No Reactivation Peak).
Aging
Temperature, °C

650
700
750
800
850

Reactivation current ratio
Run 1 Run 2 Run 3
NRP
NRP
NRP
0.369
0.497
1.1
0.305
0.564
0.318
0.417 0.623
0.323
0.615
0.432

(Ir/Ia)
Run 4

1.1
0.366

Average
0.433
0.395
0.52
0.46

TABLE 3.3.3 Results of DL-EPR tests in 2 M HC1 +0.01 M KSCN solution at 60oC for Alloy-22
aged at different temperatures for 0.1 h.
Aging Temperature Activation peak
current (Ia), mA
650
2.81
700
3.26
1.75
750
850
0.662

Reactivation peak
current (Ir), mA
0.278
0.805
0.656
0.222

Reactivation
Ratio ( Ir/Ia)
0.0989
0.247
0.375
0.335

TABLE 3.3.4 Corrosion rates of aged Alloy-22 after 24-h immersion in boiling acid test according
to ASTM G-28 Method-B.
Aging Condition
(°C/h)

Weight loss, g

Corrosion
Rate, mm/yr

Mill-Annealed
650/1
650/20
Run 1
Run 2
650/100 JRunl
Run 2
Run 1
700/1
Run 2
Run 3
700/20
Run 1
Run 2
Run 3
700/100 Runl
Run 2
750/1
750/20
Run 1
Run 2
750/100

0.0018
0.0024
0.0077
0.014
1.484
1.639
0.0051
0.0116
0.0052
1.4172
1.618
1.733
1.6801
1.7878
0.0219
1.8255
1.0793
1.8396

0.0995
0.132
0.425
0.773
82.06
90.60
0.281
0.641
0.287
78.32
89.41
95.79
92.85
98.80
1.21
100.88
59.64
101.67
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Average
Corrosion
Rate, mm/yr.
0.0995
0.132
0.599
86.33
0.4034
87.84
95.82

1.21
80.26
101.67
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Figure. 3.1 Single Loop Electrochemical Potentiokinetic Reactivation (SL-EPR) Test results in 1
M H2SO4 + 0.5 M NaCl +0.01 M KSCN solution for Alloy-22 aged at 610°C.
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Figure. 3.2 Double Loop Electrochemical Potentiokinetic Reactivation (DL-EPR) Test results in 1
M H2SO4 + 0.5 M NaCl +0.01 M KSCN solution for Alloy-22 aged at 610°C
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Heat treatment Temp(deg C) / time(h)

Figure. 3.3 Reactivation current ratios after DL-EPR tests in 1 M H2SO4 + 0.5 M NaCl +0.01 M
KSCN solution for Alloy-22 aged at different conditions.
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Figure. 3.4 Single Loop Electrochemical Potentiokinetic Reactivation (SL-EPR) Test results in 1
M H2SO4 + 0.5 M NaCl +0.01 M KSCN solution for Alloy-22 aged at 650°C.
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Figure. 3.5 (a) Double Loop Electrochemical Potentiokinetic Reactivation (DL-EPR) Test results
in 1 M H2SO4 + 0.5 M NaCl +0.01 M KSCN solution for Alloy-22 aged at 650 °C for 1 h.

0.5

• 650/20hrun 1
0.4

0.3 -|
o"
S °-2 ^
>
_- 0.1
n
t:
0
O
0.

• 650/20hrun2
• 650/20hrun3
• 650/20 run 4

-0.1
-0.2 -0.3
1.E-07

1.E-06

1.E-05

1.E-04

current, A

Figure. 3.5 (b) Double Loop Electrochemical Potentiokinetic Reactivation (DL-EPR) Test results
in 1 M H2SO4 + 0.5 M NaCl +0.01 M KSCN solution for Alloy-22 aged at 650°C for 20 h.
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Figure. 3.5 (c) Double Loop Electrochemical Potentiokinetic Reactivation (DL-EPR) Test results
in 1 M H2SO4 + 0.5 M NaCl +0.01 M KSCN solution for Alloy-22 aged at 650°C for 100 h.
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Figure. 3.6 Single Loop Electrochemical Potentiokinetic Reactivation (SL-EPR) Test results in 1
M H2S04 + 0.5 M NaCl +0.01 M KSCN solution for Alloy-22 aged at 700°C.
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Figure. 3.7 Double Loop Electrochemical Potentiokinetic Reactivation (DL-EPR) Test results in 1
M H2SO4 + 0.5 M NaCl +0.01 M KSCN solution for Alloy-22 aged at 700°C for different lengths of
time.
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Figure. 3.8 Single Loop Electrochemical Potentiokinetic Reactivation (SL-EPR) Test results in 1
M H2SO4 + 0.5 M NaCl +0.01 M KSCN solution for Alloy-22 aged at 750°C.
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Figure. 3.9 Double Loop Electrochemical Potentiokinetic Reactivation (DL-EPR) Test results in 1
M H2SO4 + 0.5 M NaCl +0.01 M KSCN solution for Alloy-22 aged at 750°C for different lengths of
time.
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Figure. 3.10 Single Loop Electrochemical Potentiokinetic Reactivation (SL-EPR) Test results in 2
M HC1 + 0.01 M KSCN solution for Alloy-22 aged at 650°C
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Figure. 3.11 Double Loop Electrochemical Potentiokinetic Reactivation (DL-EPR) Test results in 2
M HC1 + 0.01 M KSCN solution at 60 °C for Alloy-22 aged at 650°C
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Figure. 3.12 Double Loop Electrochemical Potentiokinetic Reactivation (DL-EPR) Test results in 2
M HCI + 0.01 M KSCN solution at 60°C for Alloy-22 aged at 700°C
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Figure. 3.13 Double Loop Electrochemical Potentiokinetic Reactivation (DL-EPR) Test results in 2
M HC1 + 0.01 M KSCN solution at 60°C for Alloy-22 aged at 750°C
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Figure. 3.14 Double Loop Electrochemical Potentiokinetic Reactivation (DL-EPR) Test results in 2
M HC1 + 0.01 M KSCN solution at 60°C for Alloy-22 aged at 800 and 850°C for 100 h.
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Figure. 3.15 Corrosion rate of aged Alloy-22 specimens by carrying out ASTM G28 Method-B
test.
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Figure. 3.16 Comparison of DL-EPR results with ASTM G-28 Method B test results for Alloy-22
aged at 750°C
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Non-Q Section
4. Electrochemical Methods to Detect Susceptibility of Alloy-22 Wrought and Weld Materials to
Intergranular Corrosion
4.1. Introduction
Alloy 22 wrought specimens used in this subtask were received as plate stock from Haynes
International. Alloy 22 weld specimens were obtained from Lawrence Livermore National Laboratory
(LLNL). Weld specimens were obtained by LLNL from Metals Samples, Inc., a vendor on the QSL,
and were welded from qualified plate stock. Development of the test method, etching solutions, times,
and temperatures for Electrochemical Methods to Detect Susceptibility to Intergranular Corrosion was
performed using weld specimens and unqualified Alloy 22 plate stock. Since there is no established
specification for the microstructure and solid phase composition of welded Alloy 22, the weld
specimens were designated as non-Q in this subtask. It should be noted that the microstructure and solid
phase composition can affect corrosion susceptibility. Also, the composition was found to vary widely
even in a single-pass welded specimen. Unqualified plate stock was used to conserve the more
expensive and limited-quantity qualified plate. Once the method was developed and proven, qualityaffecting data were generated using the qualified Alloy 22 plate stock. Quality-affecting data were
collected at many of the same conditions as used during test development so the data collected during
development can be used to directly corroborate the quality-affecting results. This Non-Q section is
clearly segregated from the Q sections and contains independent conclusions. All other aspects of
experiments performed during method development were carried out in compliance with the UCCSN
QA Program. The methods developed in this subtask were used to generate quality-affecting data for
the subtask #3, "Electrochemical Methods to Detect Susceptibility of Ni-Cr-Mo-W Alloy-22 to
Intergranular Corrosion."
Ni base alloys with 16-22% chromium and 9-16% molybdenum are used for higher corrosion resistance
applications35'36'37'38'39'40. Alloy-22 (UNS N06022), a Ni-Cr-Mo-W alloy, is a candidate material for
construction of outer wall of nuclear waste containers35'36'37. Even though Alloy-22 in wrought form is
T. S. EDGECUMBE SUMMERS, M. A. WALL, M. KUMAR, S. J. MATHEWS, R. B. REBAK, "Phase Stability and
Mechanical Properties of C-22 Alloy Aged in Temperature Range 590 to 760 C for 16,000 Hours," in Scientific Basis for
Nuclear Waste Management XXII, Materials Research Society Symposium Proceedings Vol. 556, ed. D. J. Wronkiewicz and
J. H. Lee (Materials Research Society, Warrendale, PA, 1999) 919-926.
36 R. B. REBAK , T. S. EDGECUMBE SUMMERS, and R. M. CARRANZA, "Mechanical Properties, Microstructure and
Corrosion Performance of C-22 Alloy Aged at 260 C to 800 C," in Scientific Basis for Nuclear Waste Management XXIII,
Materials Research Society Symposium Proceedings Vol. 608, ed. R. W. Smith and D. W. Shoesmith (Materials Research
Society, Warrendale, PA, 2000) 109-114.
37 T. S. EDGECUMBE SUMMERS, R. B. REBAK, T. A. PALMER, P. CROOK, "Influence of Thermal Aging on the
Mechanical and Corrosion Properties of GTAW welds of Alloy N06022," in Scientific Basis for Nuclear Waste Management
XXV, Materials Research Society Symposium Proceedings Vol. 713, ed. B. P. McGrail and G. A. Cragnolino (Materials
Research Society, Warrendale, PA, 2002) 45-52
38 M. J. CIESLAK, T. J. HEADLEY and A. D. ROMIG JR, "The Welding Metallurgy of HASTELLOY Alloys C-4, C-22,
and C-276, Metall. Transactions A 17 A (1986) 2035
39 J. S. OGBORN, D. L. OLSON, M. J. CIESLAK, " Influence of Solidification on the Microstructural Evolution of Nickel
Base Weld Metal," Materials Sci and Eng A203 (1995) 134
40 M. J. CIESLAK, G. A. KNOROVSKY, T. J. HEADLEY AND A. D. ROMIG, JR, "The Use of New PHACOMP in
Understanding the Solidification Microstructure of Nickel Base Alloy weld Metal," Metall. Trans A 17 A (1986) 2107
35
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considered to have phase stability at the operating temperatures (<200°C) of the repository, exposure to
elevated temperatures during fabrication processes such as welding and stress relieving could cause
alteration of microstructure and associated deterioration of mechanical and corrosion properties.
Welding causes microstructural changes in Alloy -22, such as formation of dendrites in the weld metal,
segregation of Mo and W at the interdendrites, formation of topologically close packed phases both in
weld metal and heat affected zone (HAZ), and possibly precipitation of long range ordered
phases37'38'39'40. Formation of such secondary phases could make the material susceptible to intergranular
corrosion and/or reduce strength and ductility41'42'43'44'45'46'47'48. In low carbon Ni-Cr-Mo alloys,
sensitization has been reported to occur mainly because of the precipitation of topologically close
packed (TCP) phases like u, and p35>36.37>38>39>40. increased corrosion rates of aged Ni-Cr-Mo-W alloys
were observed because of the sensitized microstructure44. The sensitization of Mo rich nickel base alloys
is found to be different from the sensitization of common austenitic stainless steels and other Ni-Cr
alloys such as Inconel 60049'50'51'52'53'54'55'56'57'58'59'60'61'62. Sensitization of austenitic stainless resulted in
depletion of chromium adjacent to the chromium rich MasCe carbides41'42. In the Ni-Cr-Mo alloys,
sensitization was observed to result in the depletion of molybdenum near the TCP or
precipitates44'48. When the sensitized Ni-Cr-Mo alloys were exposed to a reductive environment the Mo
depleted regions were preferentially attacked and in oxidizing environment the TCP phases were
dissolved giving rise to the corrosion rate48. Raghavan et al55 and Cieslak et al38'39'40 observed the TCP
phases containing only the nominal chromium as that of the bulk chemistry. Whereas, Hodge48'50
reported that the (j, phase was enriched with Cr and the suggested phase was (Ni, Fe, Co)s(W, MO,
41 Z. FANG, Y. S. WU, L. ZHANG and J. Q. LI, " Application of the Modified electrochemical Potentiodynamic
Reactivation Method to Evaluate Intergranular Corrosion susceptibility of Stainless Steels," Corrosion 54 (1998) 339
42 N. LOPEZ, M. CID, M. PUIGGALI, I. AZKARATE and A. PELAYO, "Application of Double Loop Electrochemical
Potentiodynamic Reactivation Test to Austenitic and Duplex Stainless Steels," Materials Sci and Eng. A A229 (1997) 123
43 Y.-M. PAN, D. S. DUNN, G. A. CRAGNOLINO, and N. SRIDHAR, "Grain-Boundary Chemistry and Intergranular
Corrosion in alloy 825," Metall. Transactions A 31A (2000) 1163
44 U. L. HEUBNER, E. ALTPETER, M. B. ROCKEL and E. WALLIS, "Electrochemical Behavior and its Relation to
Composition and Sensitization of NiCrMo alloys in ASTM G-28 Solution," Corrosion 45 (1989) 249
45 R. M. KRUGER and G. S. WAS, "The influence of Boron on the Grain Boundary Chemistry and Microstructure of Ni16Cr-9Fe-0.03C," Metall. Transactions A 19A (1988) 2555
46 R. M. KRUGER, S. F. CLAEYS and G. S. WAS, Corrosion 41 (1985) 504
47 K. MTYATA and M. IGARASffl, " Effect of Ordering on Susceptibility to Hydrogen Embrittlement of a Ni-Base
Superalloy," Metall. Transactions 23A (1992) 953
48 F. G. HODGE, "Effect of Aging on he Anodic Behavior of Ni-Cr-Mo alloys," Corrosion 29 (1973) 375.
49 D. PECKNER, I. M. BERNSTEIN, "Handbook of Stainless Steels" McGraw-Hill, New York (1977) 4-53.
50 A. TURNBULL, P.E. FRANCIS, M. P. RYAN, L.P. ORKNEY, A.J. GRIFFITHS, B. HAWKINS, Corrosion, 58 (2002)
1039.
51 H. SAMANS, A. R MEYER and G. F. TISINAI, Corrosion 22 (1966) 336
52 R. B. LEONARD, Corrosion 25 (1969) 222
53 M. A. STREICHER, Corrosion 32 (1976) 79
54 F. G. HODGE and R. W. KIRCHNER, Corrosion 32 (1976) 332
55 M. RAGHAVAN, B. J. BERKOWITZ and I. C. SCANLON, Metall. Transactions A 13A (1982) 979
56 U. HEUBNER, AND M. KOHLER, Werkstoffe und Korrosion, 43 (1992) 181
57 D. S. DUNN, Y.-M. PAN and G. A. CRAGNOLINO, Corrosion 2000 (NACE), paper No. 00206
58 R. B. REBAK, J. R. DILLMAN, P. CROOK and C. V. V. SHAWBER, Werkstoffe und Korrosion 52 (2001) 289
59 J. KING, J. C. ESTILL and R. B. REBAK, Proc. Pressure Vessel and Piping Conference, Vancouver, Canada, Aug 4-8,
2002, Paper No. 03E-02.
60 G. S. WAS and R. M. KRUGER, Acta metall 33 (1985) 841
61 R. M. KRUGER, S. F. CLAEYS and G. S. WAS, Corrosion 41 (1985) 504
62 H. M. TAWANCY, J. Materials Sci. 31 (1996) 3929
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There are no reports available on the depletion profiles of the aged Alloy-22. Depletion of alloying
elements in the vicinity of secondary phase precipitates will impair the corrosion resistance of the alloy.
Therefore, it is imperative to develop a testing technique to evaluate the microstructural changes that
occurred during fabrication or exposure to service conditions so that the integrity of the waste package
container can be ensured.
ASTM G-28 specifies two procedures to detect the intergranular susceptibility of the nickel base alloys
based on weight loss measurements after exposing the alloy specimens to boiling mixed acid solutions.
This test method may not be very useful for field applications where in-situ evaluation is required. A
rapid electrochemical test method such as Electrochemical Potentiokinetic Reactivation (EPR) test could
be a more useful tool to detect and quantify the intergranular susceptibility of the materials due to
microstructural changes occurring during fabrication processes. The EPR technique could be used insitu also by designing a suitable electrochemical cell and a potentiostat assembly. ASTM G108 specifies
a standard procedure for conducting EPR tests for 304 and 304L stainless steels. There are, however, no
standard electrochemical reactivation test solutions or procedures available for Ni-Cr-Mo alloys. It is
generally believed that formation of TCP phases by diffusion of substitutional alloying elements may
not result in sharp depletion profile of element that imparts corrosion resistance to the alloy. This
speculation is based on the Cr depletion observed in stainless steels because of the formation of
chromium carbides. The deep Cr profile in general has been attributed to the difference in diffusivities
of interstitial carbon and Cr. However, it has been also reported that formation of TCP phases like
sigma also results in Cr depletion, especially in low carbon stainless steel welds . Recently, Turnbull et
al ° developed a novel electrochemical technique to detect localized corrosion susceptibility of duplex
stainless steel welds associated with alloy-depleted zone due to formation of sigma-phase. Substitution
of larger atoms like Mo and W would result in slower diffusion of solute atoms. When formation of TCP
phase is thermodynamically possible, depletion of alloying elements could be anticipated because of the
difficulty in diffusion. In Alloy-22 also it is likely that formation of TCP phases could result in a deep
depletion profile of alloy elements, causing preferential corrosion attack.
OBJECTIVES
The objectives of the proposed subtask on electrochemical methods to detect susceptibility of Alloy-22
to intergranular corrosion are:
1) To develop an EPR test solution and test procedure to detect and quantify the level of chromium
depletion in Alloy-22 base metal and weldments.
2) To develop an electrochemical test solution and test procedure to detect and quantify the level of
Mo segregation in weld metal and Cr and Mo depletion in the matrix due to the formation of
TCP phases.
3) To study the effect of precipitation of secondary phases on the corrosion resistance of Alloy-22,
especially in chloride containing environments.
4.2. Experimental
4.2.1 Material and Heat Treatment
The chemical composition of the wrought material used in this investigation is 0.003% C, 0.03% Si,
0.002% S, <0.005% P, 0.24% Mn, 0.15% V, 0.98% Co, 3.53% Fe, 2.94 % W, 13.37 % Mo, 21.68% Cr
and 56.5% Ni. 12.5 mm diameter and 10 mm thick cylindrical discs were machined out of the mill
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annealed (as received) 16 mm thick plate stock. After thorough washing in soap, running water and
acetone, these discs were aged at 650, 700, 750, 800 and 850°C for 0.1, 1, 15 or 20, and 100 h in an
electric resistance furnace. The furnace atmosphere was not purged with any gas. The temperature was
controlled within ±1°C. It should be noted that during first set of scoping work, neither the thermocouple
nor the temperature indicator was calibrated using QAP procedures. The thermocouple was placed in the
center of the muffle furnace and when the temperature was measured closer to the specimens using a Qcalibrated thermocouple and Q-calibrated temperature indicator, the temperature near the specimens
(thermocouple was touching the specimens) was about 35-40°C lower than the furnace set values.
However, later temperature corrections were made and specimens were heat treated using Q-calibrated
thermocouples and instruments. The aging temperatures indicated in this report pertain to furnace-set
temperature unless mentioned otherwise. For comparison, specimens were tested in mill-annealed (as
received) condition also. Insulated copper wire was soldered to the back of the specimen for electrical
connection and mounted in epoxy resin, exposing 1.22 cm of surface area. The working surface of the
specimens was polished with a series of emery papers down to 600 grit, thoroughly washed with soap
water, and rinsed in distilled water immediately before testing.
4.2.2 Metallography
Alloy-22 specimens aged at different conditions were wet-polished using standard metallographic
procedure with series of emery paper and alumina powder down to a surface finish of 0.05 jam. The
polished specimens were thoroughly washed and electrolytically etched in 1 N BbSCU + 0.01 M KSCN
solution at 1.2 V for about 60s. The etched specimens were washed thoroughly, dried and observed
under an optical microscope or a scanning electron microscope.
4.2.3 Electrochemical Testing
4.2.3.1 EPR Test Procedure
EPR Tests can be carried out using two different methods viz, 1. single loop method and 2. double loop
method.
4.2.3.1.1 Single Loop (SL-EPR): In this method the specimen is initially passivated at a preselected
potential in the passive potential range for a pre-determined length of time (usually 120 s) in the test
solution. The passivated specimen is then reactivated by scanning the potential at a required sweep rate
in cathodic direction back to the corrosion potential. By doing so, the regions depleted of alloying
elements and have less stable passive film are reactivated and anodically dissolved. The charge
associated with this localized dissolution process is normalized with grain boundary area and considered
as a parameter for degree of sensitization. This method is sensitive to surface condition of the specimen
and grain size of the material as these parameters affect the testing area in the calculation.
4.2.3.1.2 Double Loop (DL-EPR): In this method, the specimen is anodically polarized from corrosion
potential to a passive potential by scanning the potentials at a particular sweep rate and the potential
sweep is reversed after reaching the pre-selected passive potential back to the initial corrosion potential.
The ratio between the peak current values recorded during reverse potential sweep (Ir) and anodic or
forward potential sweep (la) is considered as a parameter to determine the degree of sensitization. DLEPR method has certain advantages over SL-EPR method which make it as a more suitable technique
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for in-situ field evaluations. DL-EPR is not sensitive to surface conditions and grain size effects.
Calculation of exact area of the test surface is not required.
4.2.3.2 Requirements for EPR Test Solutions:
The EPR test solution should have components for passivating the intra-granular areas which have
uniform composition with single phase structure and for activating the areas that have different
composition and/or structure from the matrix. In general, the test solution is a mixture of an acid and an
activator. KSCN is a standard activator used in solution specified by ASTM G108. Fang et al 7
recommended thioacetamide for detecting sensitization in 308 stainless steel. The activators generally
contain sulfur-bearing free electron pairs. The species with free electron pairs could be easily adsorbed
on the metal surface which results in lowering of the metal-metal bond strength. If the passive film on
the metal surface is intact, such adsorption may not be easy. Weakening of metal-metal bond strength
and formation of a dipole between the metal and sulfur ions facilitate easy dissolution of the metal7. As
passivation is delayed at Cr depleted regions, these regions are preferentially attacked by the activators
during reactivation tests. Turnbull et al50 observed that a suitable combination of reducing acid +
depassivator combination gave information about Mo depletion in duplex stainless steel welds.
4.2.3.3 Test for Cr depletion
Electrochemical reactivation tests were carried out on aged wrought specimens in the following test
solutions:
h)
0.5 M H2SO4 + 0.01 M KSCN
i)
0.05 M H2SO4 + 0.01 M Thioacetamide (CH3CSNH2)
j)
0.5 M H2SO4 + 0.003 M Thioacetamide (CH3CSNH2)
k)
0.5 M H2SO4 + 0.01 M thiourea (NH2CSNH2)
1)
600 g of 1 N HNO3 + 150 g of 1 N HC1 + 0.5 M Glycerol
m)
ASTM G-28 Solution (23% H2SO4 + 1.2 % HC1 + 1 % FeCl3 + 1 % CuCl2)
n)
ASTM G-28 Solution with 0.1% KSCN
o)
0.5 M H2SO4 + 0.5 M NaCl
p)
X M H2SO4 +0.5 M NaCl + Y KSCN ( X = 1 or 2, Y = 0.01, 0.02 and 0.05 M).
4.2.3.4 Test for Mo & W depletion:
Similarly different test solutions were investigated for detecting Mo and W depletion as part of scoping
work. Most of the scoping work on Mo depletion was carried out on non-Q weld specimens and results
have been reported separately. The following combination of test solutions were investigated:
1)
2)
3)
4)
5)
6)

0.5 M H2SO4 + 1 M HC1 + 0.01 MKSCN
1 M HC1
1NHNO 3 + 2MHC1 + 0.01 MKSCN
1MH 2 SO 4 + 2MHC1 +0.01 MKSCN
2 M HC1 + 0.01 M Fe2(SO4)3 + 0.01 M KSCN
2MHC1 + 0.01MKSCN
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Single and double loop electrochemical reactivation tests were carried out using the above solutions at
30 or 60°C. A conventional three-electrode system was used in a five-necked 1-liter flask with specimen
test electrode and two Pt auxiliary (counter) electrodes (Ingold electrodes, Boston, MA) on opposing
sides of the working electrode, for more uniform current distribution. A saturated calomel electrode
(SCE) was used as the reference electrode with a solution bridge and Luggin probe. For each test, the
solution electrolyte was de-aerated for one hour prior to specimen immersion with a pure-nitrogen
purge, which continued throughout the test. Cyclic polarization was carried out by scanning the potential
from the open circuit corrosion potential to +400 mV (SCE) and reversing the potential back to the
initial corrosion potential at a scan rate of 0.5 mV/s. The peak current recorded during forward scan was
denoted as Ia and the peak current during reverse scan (if any, depending on the sensitized condition)
was denoted as Ir. The ratio, Ir/Ia indicated the degree of sensitization.8 In double loop reactivation tests
the current ratio during forward and reverse potential sweep, Ir/Ia, was considered as the parameter to
characterize the materials' susceptibility to intergranular corrosion. Single loop electrochemical
reactivation tests were carried out in 1M H2SO4 +0.5 M NaCl + 0.01 KSCN solution at 30 °C. The
specimens were polished down to 1 micron finish. The solution was continuously de-aerated by purging
nitrogen. Initially the specimen was passivated at +400 mV (SCE) for 120 s and the potential was
scanned in cathodic (reverse) direction from +400 mV to the initial corrosion potential at a rate of 0.5
mV/s. The charge transferred during the reactivation was calculated and considered for quantifying the
degree sensitization occurred on the aged specimens. The charge was not normalized with grain
boundary area as the grain size remained almost the same for all the specimens aged at 650-750°C.
A silver/silver chloride electrode in saturated KCI solution was used as reference electrode (SSC) in
60°C tests. The potential was scanned from corrosion potential to +400 mV and back to initial potential
at a rate of 0.5 mV/s.
4.2.4 Transmission Electron Microscopic Studies
0.2 mm thick wafers were cut from 12.5 mm diameter aged specimens and mechanically polished using
finer grit emery papers down to a thickness of about 60-80 urn. 3 mm discs were punched out of the 12.5
mm dia. blank and were further thinned for electron transparency either by electrochemical twin jet
polishing or by dimpling and ion milling. The solution used for twin jet polishing was a mixture of 5%
perchloric and acetic acid. The voltage used was 40-60 V.
4.3. Results
4.3.1 Cr-Depletion
4.3.1.1 Wrought Material
Figure 4.1 shows the aged microstructures of the Alloy-22 specimens after electrolytically etching them
in 1 N H2SO4 + 0.5 N NaCl solution at 1.2 V for about 60 s. The specimen aged at 750 °C for 1 h did not
show much of precipitation along the grain boundaries (Fig 4.1 (a)). The specimen aged at 700 °C for 15
h showed precipitates decorating the grain boundaries; however, the precipitation was discontinuous on
some grain boundaries (Fig. 4.1(b)). Aging at 700°C for 100 h caused larger and almost continuous
precipitation along the grain boundaries as shown in Fig 4.1 (c). The larger precipitates could be p, phase
particles.
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The double loop electrochemical reactivation tests carried out in the 0.5 M H2SO4 + 0.01 M KSCN
solution showed reactivation peaks as summarized in Table 4.3.1. However, the results were not
reproducible. Similar results were observed by other researchers for alloy 825 also43. Addition of
activators such as thioacetamide, thiourea etc. did not show any reactivation peaks for the specimens
aged at 650 and 700°C. Faint reactivation peaks could be observed for specimens aged at 750 °C as
shown Table 4.3.1. In these solutions also, the results were not reproducible and no correlation between
the aging time and the reactivation current ratio (Ir/Ia) could be observed. No activation or reactivation
peaks could be observed in mixed acids in glycerin. Electrochemical tests carried out using the mixed
acid + oxidizing salt solution (ASTM G-28 solution) cannot be considered as reactivation type tests.
Nevertheless, the cyclic polarization tests in the G-28 solution could indicate the pitting corrosion
resistance of the material after different heat treatments as shown in Figure 4.2(a). More positive
corrosion potentials of the specimens were observed because of the highly oxidizing nature of the
solution. Specimens aged at 700°C for 1 and 15 h showed more active corrosion potentials compared to
those of the specimen aged for 100 h at 700°C and the mill annealed specimen. Passive current density
was not affected by the aging treatments. There was no pitting observed on any of the specimens, as the
reversed potential-current plot traced the forward scan plot without crossing the vertical passive current
line. Observation under optical microscope also confirmed the absence of pitting. The electrochemical
tests in ASTM G-28 solution delineated the aged specimens only by the difference in their corrosion
potentials. With longer aging time, the difference in corrosion potential narrowed as observed in the
case of mill annealed specimen and the specimen aged for 700°C for lOOh. Addition of 0.01 M KSCN
as an activator to the G-28 solution also did not give any good result to quantify the microstructural
changes. With the KSCN addition, the color of the solution changed to dark brown indicating formation
of an iron complex. Fig. 4.2(b) shows the cyclic polarization results conducted in 0.5 M HiSCU + 0.5 M
NaCl solutions at 30°C on the aged Alloy-22 specimens. No evidence of reactivation or pitting could be
observed in this solution also at 30 °C. DL-EPR tests were carried out in X H2SO4 +0.5 M NaCl + Y
KSCN solution by varying the concentration of sulfuric acid from 0.5-2M, concentration of KSCN from
0.01-0.5 M and varying scanning rate from 0.167 to 1.67 mV/s and final passivation potential from 300
- 500 mV etc. Table 4.3.2 summarizes these results. Based on the results, the 1 M H2SO4 + 0.5 M NaCl
+ 0.01 M KSCN solution was selected for further evaluation of the aged materials. Other conditions for
DL-EPR test were: final passivation potential: +400 mV, Scan Rate: 0.5 mV/s, Test Temperature: 30 °C.
Figure 4.3 (a) shows the results of double loop reactivation tests in 1 M H2SO4 + 0.5 M NaCl + 0.01 M
KSCN solution at a scan rate of 0.5 mV/s. Fig. 4.3 (b) shows some typical EPR double loop plots in the
above solution. Highly reproducible results showing better correlation with the aging treatments could
be obtained using the above solution as compared to the solutions with increased concentrations of
sulfuric acid and KSCN. The reactivation current ratio increased with increase in aging time at 650 °C.
However, the current ratio decreased with increase in aging time when the specimens were aged at 700750°C (except for 700°C for 0.1 h). Figure 4.4(a) and (b) show some typical results of single loop
reactivation tests in 1 M H2SO4 + 0.5 M NaCl + 0.01 M KSCN solution. Table 4.3.3 summarizes the
single loop EPR results for all the aged condition. Both the double loop and single loop tests show
similar results of increase in reactivation current with increase in aging time at 650°C and decreasing
reactivation current with increase in aging time at 700 and 750°C. The charge calculations presented in
Table 4.3.3 were carried out via numerical integration of the current w.r.t time using Microsoft Excel.
4.3.7.2 Weld Material
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Fig. 4.5(a) shows the as-weld microstructure revealing the dendritic structure after electrochemical
etching of the specimen at 1.2 V for 60 sec. in 1 N sulfuric acid solution. TCP phase as terminal
solidification constituent in as-welded condition was not revealed. The microstructure of the weld metal
aged at 760 °C for 140 h revealed grain boundary precipitates along with interdendritic precipitates, as
shown in Fig. 4.5(b).
Double loop EPR tests carried out at 30°C in the listed test solutions for detection of Cr depletion did
not show either activation or reactivation peak current for any of the specimens. The specimens showed
passivity during forward potential sweep without revealing a critical current peak prior to passivation.
The reverse potential sweep after reaching the potential of 400 mV(SCE) also did not show reactivation
peak at 30°C. The observed results indicated that the Cr profile across the dendrites and across the brain
boundaries was flat and no depletion occurred due to formation of secondary phases. Cieslak et al ' '
also reported similar results based on the TEM/EDX analyses of weld dendrite structure of Alloy C-22.
4.3.2 Mo-Depletion
4.3.2.1 Wrought Material
Even though the hydrochloric acid solution is considered to attack Mo depleted regions in the vicinity of
TCP phases, absence of reactivation current peaks in the solutions 1-5 listed in section 2.3.4 indicated
the good corrosion resistance of the material at lower temperature. Even in solution # 6, 2 M HCL +
0.01 M KSCN solution at 30°C no significant reactivation peak could be observed. Therefore, EPR tests
were carried out at a slightly elevated temperature, 60°C in this case, which is high enough to make the
regions depleted of alloy elements susceptible to corrosive attack and at the same time not too high a
temperature for convenient handling during in-situ testing at service conditions. Reactivation peaks
were observed in the test solution containing 2 M HC1 + 0.01 M KSCN at 60°C when the specimens
were cyclically polarized from corrosion potential to 400 mV at a scan rate of 0.5 mV/s. Fig. 4.6
illustrates the reactivation current ratio observed for wrought aged materials.
4.3.2.2 WeldMaterial
Fig. 4.7 shows typical results of double loop EPR tests in 2 M HC1 + 0.01M KSCN solution at 60°C.
Table 4.3.4 summarizes the peak current ratios (Ir/Ia) of EPR tests, which is a good indication of the
degree of depletion of Mo and W in weld specimens of Alloy-22. The peak current ratios were
calculated by using the maximum values of the measured currents during forward and reverse sweeps
for Ia and Ir respectively. The data for forward and reverse sweeps can be found in DID 014 KR-002;
filename: Weld specimens-epr-run4.xls. Minimum three experimental runs were carried out for each
aged condition of the specimens. The table gives minimum, maximum and average values of the ratios
of the peak currents among the test runs. The absence of reactivation peaks at 30°C and preferential
attack at 60°C in the same solution indicates presence of activation energy barrier for corrosion. At
present the mechanism is not exactly known, but it is possible that adsorption of sulfur species could
increase with temperature at the alloy element depleted regions above a threshold limit causing metalmetal bond weakening and leading to corrosion.
4.3.5 Composition Analysis of Precipitate
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Composition profile analyses were carried out on thin specimens (thinned by ion-milling or
electrochemical polishing) using TEM-EDX. Fig. 4.8 shows a typical composition profile observed
across a grain boundary precipitate of Alloy-22 specimen aged at 750 C for 20 h. Electron diffractions
were also obtained for the precipitates for phase identification. The precipitate was found to be enriched
with Mo and W and about 100 nm wide. Correspondingly, the vicinity of the precipitate was depleted
with Mo. The width of the depleted region was about 125-180 nm from the interface of the
precipitate/matrix. Decrease in Cr content was observed inside the GB precipitate and in the adjacent
area, as well. There was another kind of GB precipitate containing enriched Mo, Cr and W content. Fig.
4.9 shows the elemental profile across such a GB precipitate. Depletion of Mo content near GB
precipitate is clearly seen. The Cr profile is relatively flat near the grain boundary. However, the
compositional heterogeneity between the GB precipitate and the adjacent matrix is predominant which
could lead to localized corrosion attack.
Fig. 4.10 shows a typical composition profile observed across a grain boundary precipitate of Alloy-22
specimen aged at 750 °C for 100 h. The X-ray intensity of each element has been normalized with the
total sum of intensities of all major alloying elements at each point of the line scan. Electron diffractions
were also obtained for the precipitates for phase identification. The precipitate was found to be enriched
with Mo and W and about 185 nm wide. Correspondingly, the vicinity of the precipitate was depleted
with Mo and W. The width of the depleted region was about 180-230 nm from the interface of the
precipitate/matrix. The minimum content of the Mo was about 8.9wt% indicating that there was about
30% of Mo depletion as compared to that of bulk chemistry. It is interesting to note that the Cr profile is
flat at the interfaces.
The depleted Mo profile supports the EPR results in 2 M HC1 +0.01 M KSCN solution at 60°C, which
showed large reactivation peaks. The absence of reactivation peaks in 1 M HiSC^ + 0.5 M NaCl + 0.01
M KSCN also is supported by the flat Cr profile across the precipitate/matrix interface.
4.4. Discussion
Generally it is expected that sensitization increases with the aging time. Huebner et al 10 also observed
that the corrosion rate increased with increase in aging time for Alloy-22, which was attributed to the
depletion of Mo. Whereas, the increased corrosion rate of sensitized austenitic stainless steels,8 Inconel
60045, and alloy 82543 was attributed to the Cr depletion. However, the increase in corrosion rate with
increase in aging time depends on the aging temperature. Pan et al43 observed a deeper and narrower Cr
depletion profile in alloy 825 during initial stages of aging at 700°C and with increase in aging time the
Cr depletion profile became shallower and broader. Lopez et al42 correlated the EPR test results in 2 M
H2SO4 + 0.5 M NaCl + 0.01 M KSCN solution to the Cr depletion in duplex stainless steels. According
to Kruger et al46, EPR test results in the sulfuric acid + KSCN solution could be better correlated with
the width of Cr depleted zone than with the depletion zone depth for Ni-Cr-Fe alloys. Therefore, in this
investigation also the reactivation current ratio in 1 M HaSC^ +0.5 M NaCl + 0.01 KSCN solution could
be correlated to the Cr depleted regions formed during initial stages of aging. Without carrying out
thorough analyses of Cr profile across the grain / precipitate boundaries of all the aged specimens, it is
difficult understand if the reactivation current ratio was more sensitive to Cr depletion zone width or
depth. Kruger and Was46 observed that 14% Cr content was the threshold for intergranular attack for
16% Cr containing nickel alloy. Pan et al43 observed that for alloy 825, the critical Cr content below
which intergranular corrosion attack could be observed was 19% against a bulk Cr content of 22%.
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Therefore, in this present study also it is reasonable to assume that the EPR tests were more sensitive to
the regions with less than 19% Cr. The double loop EPR results show that during aging at 650°C, the
precipitation process increased the Cr depleted zone size with increase in aging time. Whereas, aging at
700 or 750°C caused very deep and narrow Cr depleted zone initially and with increase in aging time the
Cr depleted regions were replenished with diffusion of Cr from the bulk of the grain. This process,
schematically illustrated in Fig. 4.11, resulted in a shallower and wider Cr depletion profile. If the Cr
depletion profile contained Cr more than the sensitive limit of the EPR test, no reactivation would occur.
Single loop EPR results also support the double loop EPR results.
The published literature attributes the increased corrosion rate of aged Ni-Cr-Mo-W alloys to the
dissolution of Mo rich fi phase and associated Mo depletion. Our study on the Alloy-22 specimens using
modified electrochemical reactivation tests shows that during initial stages of thermal aging depletion
Cr occurred. In the absence of extensive microstructural studies with elemental profile analyses, the Cr
depletion could be attributed to three possible reasons viz., i). formation of Cr rich carbides, ii).
formation of Cr rich ordered phase of type ISfeCr47 and iii). formation of Cr rich (Ni, Fe, Co)s(Cr, Mo,
W)2 type u-phase precipitates. Even though the carbon content of the alloy is very low, precipitation
of carbides is possible as the kinetics of carbide precipitation was observed to be faster than u. phase
precipitation . Pan et al observed extensive carbide precipitation for alloy 825 with three times more
carbon content than Alloy-22 at the similar temperatures. When the Mo content is more than 6% it is
expected that the predominant carbide phase is MeC. Interestingly, both MeC and fj, phase showed
almost similar chemistry38'48'49 and Hodge48 showed that the (i phase was having about 40% more Cr
than the bulk. Therefore, it is possible that these Cr-rich carbides could act as nucleation for other
intermetallic precipitates. Precipitation of short range ordered phase such as NiaCr during low
temperature exposure could act as nucleus for precipitation of other phases or could result in Cr
partitioning, even though this ordering occurs homogeneously. Segregation of S, P and Si along the
grain boundaries during aging also could contribute to the anodic dissolution current. However, in
double loop EPR test such current predominantly occurs during forward sweep and therefore, the
reactivation current during reverse sweep could be attributed only to the Cr depleted zone. This present
investigation showed precipitation of intermetallic phases in wrought Alloy-22 occurring in two stages
viz, stage 1. nucleation of Cr rich precipitates during initial stages of aging (aging at 650°C and initial
stages of aging at 700 and 750°C for 1 h) followed by, stage 2. precipitation of Mo rich jj, phase
particles (longer aging times (>lh) at 700 & 750°C) during which time the Cr depleted zone was
replenished. This mechanism is further confirmed by carrying out EPR tests on aged Alloy-22 weld
metal specimens in 1M H2SO4 +0.5 M NaCl + 0.01 KSCN solution. TEM-EDX results on the specimen
aged at 750°C for 100 h also confirms flat Cr profile. In weld metal specimens, both in as-weld and aged
conditions, no reactivation peaks could be observed. Weld metal of Alloy-22 showed Mo segregation at
the inter-dendrites and some Mo rich intermetallic phases. The high temperature TCP phases were
retained due to terminal solidification products of the weld metal38'39'40. During aging of weld metal, no
chromium depletion could be observed as the precipitation reaction proceeded with the already available
retained intermetallic phases or Mo segregated regions. The stage 1 of precipitation reaction, which was
observed in wrought metal was absent in case of the weld metals.
The weld specimens aged at 760°C for 140 h showed very high ratios of reactivation to activation
current as compared to other aged specimens. When comparing the current ratios, it could be observed
that as-welded specimens showed relatively higher values than the specimens aged at 700°C for 24 h and
760°C for 1 h. However, if the current peaks during forward and reverse sweeps are considered
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independently for different aged weld specimens, it could be observed that the current peaks increased
with aging conditions, as seen in Fig. 4.6. The current peak during forward sweep (Ia), which is also
denoted as critical current for passivation, is an indication of the ability of the material to passivate. For
example, the critical current density for passivation of 304 SS in 1 N HiSC^ was observed to be two
orders higher than that of Alloy-22. The critical current was observed to increase with the
aggressiveness of the environment, and the ability of the material to passivate. Therefore, the increase in
critical current for passivation clearly indicates the loss in corrosion resistance of the material with
aging. In this present study, as-welded specimens showed relatively lower peak currents during both
forward and reverse sweeps. The observation of reactivation current peak for as-welded specimen is an
indication of presence of Mo and W depleted regions. The depletion of these elements could occur at the
dendrite cores and in the vicinity of TCP phases. Summers et al37 reported a 2.7 volume % of TCP
phases in as-welded condition. The volume of TCP phases increased to about 5% when aged at 760°C
for 1 h or 700°C for 20 h and to about 30% after aging for 100 h at 760°C. The reactivation current
behavior could be directly correlated to the formation of TCP phases and associated Mo depletion, as the
current during reverse sweep increased only marginally during initial stage of aging at 760°C and
increased substantially after prolonged aging which followed the volume fraction of TCP phases present
in the material. The depletion of Mo and W at dendrite core may not have caused preferential attack as
the content of these elements would have been above a threshold level. At present the minimum level of
Mo or W required to resist the corrosion attack by 2 M HC1 solution is not known. The EPR results
indicate that aging of Alloy-22 welds at 700-760°C possibly causes a deeply depleted zone of alloying
elements in the vicinity of intermetallic precipitates such as \n phase which is enriched in Mo with a
possible composition of NiyMoe or NisMo2. Formation of such TCP phases is not found to affect the Cr
profile as no reactivation peaks were observed during EPR tests in 1 M H2SO4 + 0.5 M NaCl + 0.01 M
KSCN solution.
4.5. Conclusions

-

-

Electrochemical potentiokinetic reactivation testing of aged wrought materials in 1 M BbSC^ +
0.5 M NaCl solution at 30 °C detected Cr depletion. Whereas, EPR testing in 2 M HC1+0.01 M
KSCN solution at 60 °C was observed to detect Mo depletion.
Aging at or above 700°C for longer durations (>10h) replenished the Cr depletion as the
reactivation current peaks decreased with increase in aging time.
EPR tests of aged wrought Alloy-22 suggested possibly two steps of precipitation reactions i.e.
first, an unidentified Cr rich phase precipitates along grain boundaries followed by a second
reaction of formation of Mo rich u-phase.
Weld specimens did not show any reactivation current peaks in 1 M FfcSCU + 0.5 M NaCl + 0.01
M KSCN solution which indicated a flat Cr profile in agreement with literature results.
EPR testing of weld specimens in 2 M HC1 +0.01 M KSCN at 60° C showed reactivation current
peaks, which increased with aging time indicating Mo partition associated with formation of
TCP phases.
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Non-Q: TABLE 4.3.1. Summary of DL-EPR results in sulfuric acid solution containing KSCN or
thioacetamide as activator (For Information only)
Heat Treatment
Reactivation current ratio, Ir / Ia
0.5 M H2SO4+
(°C/h)
0.5MH 2 SO 4 +
0.05MH 2 SO 4 +
0.01 M KSCN
0.003M CH3CSNH2 0.003M CH3CSNH2
650/20
0.098908
NRP*
NRP
0.252342
NRP
650/20
NRP
650/100
0.367641
NRP
NRP
650/100
0.482514
NRP
NRP
0.142857
NRP
700/1
NRP
0.04108
NRP
NRP
700/1
700/15
0.12742
NRP
NRP
700/15
0.146896
NRP
NRP
700/100
0.322481
0.0643
0.035
0.224526
NRP
750/1
NRP
750/1
0.156585
NRP
NRP
*NRP: No Reactivation Peak.

Non-Q: TABLE 4.3.2: Table Results of DL-EPR tests in different solutions at 30 °C and scan rates
for aged wrought Alloy-22 specimens. (For Information only)

Aging
condition

1M H2SO4+ 0.5M
NaCl+O.OlM
KSCN

2M H2SO4+
0.5M NaCl +
0.01MKSCN

1MH2SO4+
0.5MNaCl+
0.05MKSC
N

1M H2SO4+
0.5MNaCl+
0.02MKSCN

1M H2SO4 + 0.5M
NaCl + 0.0 1M
KSCN

Scan rate,
mV/s
650/lh
650/20H
650/lOOh
700/lh
700/20h
700/lOOh
750/lh
750/20h
750/1 OOh

0.5

0.5

0.5

0.5

1.667

*
*

*
*

*
*

0.042

0.1455
0.0848
0.680
0.0114
0.167
No Peak

0.0377

* *
0.0584
0.0821
0.4822
0.263
0.0467
0.883
0.17
No Peak

0.386
0.0941
0.098
0.31
0.029
0.47
0.18
No peak

*

0.314
0.02

*

No peak
No peak

*

80

*

0.014
0.019
0.064
No Peak

*

1M
H2SO4+0.5M
NaCl +0.01M
KSCN
0.1667

*
*
*
L0.261

0.041

*
*
*

No Peak
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Non-Q: TABLE 4.3.3. Amount of charge transferred during anodic reactivation of the aged Alloy22 specimens tested in 1 M H2SO4 + 0.5 NaCl + 0.01 M KSCN solution at 30°C. (For Information
only)

Heat treatment
Mill annealed

Charge
consumed,
XlO^Coulomb
No reactivation

650 °C for Ih

No reactivation

650 °C for 20 h
650 °C for 100 h
700 °C for 1 h
700 °C for 15 h
700 °C for lOOh
750 °C for 1 h
750 °C for 15 h
750°CforlOOh

0.02
0.11
5.03
2.92
0.812
1.31
0.33
No reactivation

Non-Q: TABLE 4.3.4. Reactivation current to activation current ratios of weld specimens during
double loop EPR tests in 2 M HC1 +0.01 M KSCN solution at 60°C. (For Information only)
Minimum
Ir/Ia

Ir/Ia

Via

Mill
annealed
wrought
As-welded
700 °C for 24 h
760 °C for 1 h
760 °C for 140 h

NP

NP

NP

3.4xlO'4
2x1 Q-4
1.97xlO'4
0.227

5.43xlO"4
3.98xlO"4
2.47x1 0'4
0.322

4.27x1 0'4
2.94x1 0'4
2.28x1 0'4
0.29
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Average

Aged condition
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*

'

160 |im [ I

Non-Q: Figure. 4.1 (a) Microstructure of Alloy-22 aged at 750°C for 1 h (100 x).
(For Information only)
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160

Non-Q: Figure 4.1 (b) Microstructure of Alloy-22 aged at 700°C for 15 h (100 x).
(For Information only)
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Non-Q: Figure. 4.1(c) Microstructure of Alloy-22 aged at 700°C for 100 h (800 x).
(For Information only)
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Non-Q: Figure 4.2 (a) Cyclic polarization of aged Alloy-22 specimens in 23%
+ 1.2% HC1 + 1% FeCl3 + 1% CuCl2 solution at 30°C in comparison with the mill
annealed (MA) specimen. (For Information only)
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Non-Q: Figure 4.2 (b) Cyclic polarization of aged wrought Alloy-22 specimens in 0.5
M H2SO4 + 0.5 M NaCl solution at 30°C in comparison with the mill annealed
specimen. (For Information only)
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Non-Q: Figure. 4.3 (a) Ratios of current peaks (Ir/Ia) after double loop EPR tests in
1M H2SO4 + 0.5M NaCl + 0.01M KSCN solution for Aged wrought Alloy-22. (For
Information only)
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Non-Q: Figure 4.3 (b) Typical double loop EPR plots in 1 M H2SO4 +0.5 M NaCl +
0.01 M KSCN solution at 30°C for wrought alloy-22 aged at 650°C. (For
Information only)
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Non-Q: Figure. 4.4 (a) Results of single loop electrochemical potentiokinetic
reactivation (SL-EPR) tests in 1 M H2SO4 + 0.5 M NaCl + 0.01 M KSCN solution at
30°C for specimens of wrought Alloy-22 aged at 650 and 700°C. (For Information
only)
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Non-Q: Figure. 4.4 (b) Results of single loop electrochemical potentiokinetic
reactivation (SL-EPR) tests in 1 M H2SO4 + 0.5 M NaCl + 0.01 M KSCN solution at
30°C for specimens of wrought Alloy-22 aged at 750°C in comparison with millannealed material. (For Information only)

90

Final Technical Report: Continue Stress Corrosion Cracking/Electrochemical Testing And Model
Support, Task 14, Document ID: TR-03-006, Revision 1.

25 urn

A

Non-Q: Figure. 4.5 (a) As welded Microstructure. (For Information only)
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Non-Q: Figure. 4.5 (b) Microstructure of weld metal aged at 760°C for 140 h. (For
Information only)
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Non-Q: Figure. 4.6 Ratios of current peaks (Ir/Ia) after double loop EPR tests in 2 M
HC1 + 0.01 M KSCN solution at 60°C for aged wrought Alloy-22. The temperatures
correspond to the surface temperature of the specimens using Q-calibrated
thermocouple. (For Information only)
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Non-Q: Figure. 4.7. Results of double loop EPR tests of weld metal specimens in 2 M
HC1 + 0.01 M KSCN solution at 60°C. (For Information only)
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Non-Q: Figure. 4.8 Chemical composition profile across a grain boundary
precipitate of Alloy-22 specimen, thermally aged at 750 °C for 20 h. GB precipitate
shows decrease in Cr content. Both Cr and Mo depletion could be observed adjacent
to the precipitate. (The aging temperature was measured on the surface of the
specimen using Q-calibrated thermocouple). (For Information only)
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Non-Q: Figure. 4.9 TEM/EDX Elemental profile analyses across a GB precipitate
showing enrichment in Mo, Cr and W in Alloy-22 aged at 750°C for 20 h. (The
aging temperature was measured on the surface of the specimen using Q-calibrated
thermocouple). (For Information only)
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Non-Q: Figure. 4.10 Chemical composition profile across a grain boundary
precipitate of Alloy-22 specimen, thermally aged at 750°C for 100 h. GB precipitate
shows decrease in Cr content. Mo depletion could be observed adjacent to the
precipitate. (The aging temperature was measured on the surface of the specimen
using Q-calibrated thermocouple). (For Information only)
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Non-Q: Figure. 4.11 Schematic illustration of Cr depletion during aging of Alloy-22
at 700 or 750°C. (For Information only)
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